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Re´sume´
E´tudes par assimilation de donne´es satellites au limbe et au nadir dans
un mode`le de chimie-transport
L’assimilation de donne´es permet de combiner d’une manie`re optimale un mode`le
nume´rique de´crivant l’e´volution de la composition chimique de l’atmosphe`re et les mesures
disponibles. Dans cette the`se, l’assimilation de donne´es est utilise´e afin de caracte´riser
les distributions troposphe´riques et stratosphe´riques de l’ozone (O3) et du monoxyde de
carbone (CO). Le Mode`le de Chimie Transport (CTM) MOCAGE (MOde`le de Chimie
Atmosphe´rique a` Grande E´chelle) est utilise´ dans une configuration a` deux domaines im-
brique´s avec les re´solutions de 2◦ (global) et de 0.2◦ (re´gional). La technique variationnelle
du 3D-FGAT est utilise´e pour toutes les e´tudes que constituent cette the`se. Nous avons
e´value´ la comple´mentarite´ des mesures satellites au limbe et au nadir aujourd’hui dis-
ponibles pour la caracte´risation de l’UTLS (Haute Troposphe`re Basse Stratosphe`re) en
assimilant ces deux types de mesures simultane´ment. Nous nous sommes en particulier
inte´resse´ a` la propagation de l’information provenant des mesures assimile´s dans le mode`le
et plus particulie`rement, aux impacts de l’assimilation de mesures stratosphe´rique d’ozone
en troposphe`re aux moyennes latitudes. Les principaux objectifs de cette the`se ont e´te´ de
montrer la valeur ajoute´e de l’augmentation de la re´solution mode`le pour l’assimilation
de donne´es et les effets synergiques de l’assimilation combine´e d’un sondeur au limbe et
au nadir. Des de´veloppements au niveau du syste`me d’assimilation en domaine imbrique´
a` 0.2◦ ont e´te´ effectue´s. L’assimilation des donne´es dans le domaine global est maintenant
prise en compte et les conditions aux bords provenant des champs assimile´s montre un
impact significatif sur le domaine imbrique´.
Dans un premier temps, nous avons assimile´ les profils d’ozone stratosphe´riques me-
sure´s au limbe provenant de MLS (Microwave Limb Sounder) afin d’e´tudier deux cas
d’E´change entre la Stratosphe`re et la Troposphe`re (STE). L’e´tude compare les re´sultats
obtenus deux re´solution horizontales 2◦ et 0.2◦. L’assimilation de MLS montre une meilleure
description des champs d’ozone a` l’UTLS que celle obtenue avec le mode`le seul en particu-
lier a` haute re´solution ou` les filaments et les structures stratifie´es dans les profils verticaux
sont fide`lement repre´sente´s. Les re´sultats des re´tro-trajectoires et des pre´visions d’ozone
de´montrent que l’assimilation des profils stratosphe´riques MLS a` haute re´solution ont un
impact sur les champs d’ozone troposphe´rique. L’e´tude montre aussi l’inte´reˆt de disposer
de tels instruments pour les applications troposphe´riques comme la pre´vision de la qua-
lite´ de l’air et les e´tudes du bilan de l’ozone troposphe´rique. L’e´tude est comple´te´e par
l’estimation du flux d’ozone a` la tropopause et sa sensibilite´ par rapport a` la re´solution
et a` l’assimilation de donne´es.
Les profils d’ozone de MLS et les colonnes troposphe´riques de IASI (Infrared At-
mospheric Sounding Interferometer) ont ensuite e´te´ assimile´s a` haute re´solution hori-
zontale (0.2◦). Cette e´tude compare les assimilations se´pare´s et combine´es des colonnes
troposphe´riques IASI et profils stratosphe´riques MLS, afin de mettre en e´vidence les effets
synergiques de l’assimilation combine´e. Les comparaisons avec des donne´es inde´pendantes
4montrent que l’assimilation combine´e de MLS et IASI donne les champs d’ozone par-
ticulie`rement re´alistes au niveau de la stratosphe`re l’UTLS et la troposphe`re. L’assi-
milation combine´e montre aussi d’excellents re´sultats en comparaison avec les mesures
inde´pendantes de colonnes totales par OMI (Ozone Monitoring Instrument).
Enfin la dernie`re partie de ce travail a` e´te´ consacre´e a` l’e´tude du comportement de
la couche de me´lange a` l’UTLS en termes d’e´paisseur et d’altitude. L’e´tude se situe a`
l’e´chelle locale et globale en assimilant les mesures d’O3 de MLS les mesures de CO de
MOPITT (Measurements Of Pollution In The Troposphere). Des diagnostiques utilisant
les corre´lations entre O3 et CO ont permis de quantifier l’effet de l’assimilation sur l’al-
titude et l’e´paisseur de la couche de me´lange. Nous nous sommes d’abord inte´resse´ a` un
cas d’e´tude STE ; l’assimilation de MOPITT permet d’affiner la couche de me´lange alors
que l’assimilation de MLS e´tale la couche de me´lange vers la troposphe`re. Quand les
champs issu de l’assimilation de MOPITT et de MLS sont utilise´s en meˆme temps dans
les diagnostiques, la couche de me´lange montre un comportement beaucoup plus re´aliste
et se trouve localise´e au niveau de la tropopause thermique. A l’e´chelle globale, les meˆmes
effets sont observe´s. Quand les champs issu de l’assimilation de MOPITT et de MLS
sont utilise´s en meˆme temps dans les diagnostiques, la couche de me´lange correspond a` la
tropopause thermique au dela` de 50◦. Cette e´tude montre que l’assimilation de donne´es
permet de fournir des analyses chimiques de bonne qualite´ malgre´ la re´solution verticale
relativement faible du mode`le (et des mode`les chimiques de l’e´tat de l’art en ge´ne´ral).
Mots-Cle´s : Assimilation de donne´es, ozone, UTLS, troposphe`re, stratosphe`re,
satellite, limbe, nadir, monoxyde de carbone.
Abstract
Data assimilation studies in a chemistry transport model using limb and
nadir satellite geometries.
Data assimilation combines in an optimal way a numerical model describing the evolu-
tion of the atmospheric chemical composition and the available trace gases measurements.
In this thesis, data assimilation is used to characterize the ozone (O3) and the carbon
monoxide (CO) distributions in the stratosphere and in the troposphere. The Chemis-
try Transport Model (CTM) MOCAGE (MOde`le de Chimie Atmosphe´rique a` Grande
Echelle) is used in a configuration with two nested domains at 2◦ (global) and at 0.2◦
(regional). To perform the assimilation experiments a 3D-FGAT variational method is
used. We evaluate the complementarity of limb and nadir measurements available at the
present day at characterizing the UTLS (Upper Troposphere Lower Stratosphere) region
by assimilating simultaneously the two type of measurements. We particularly focus on
the impacts of data assimilation of stratospheric ozone measurements on troposphere and
conversely of tropospheric data assimilation on stratosphere. Showing the added value
of the increased horizontal resolution in the UTLS assimilated fields and the synergistic
effects of limb and nadir assimilation were the main objectives of this work. Development
in the assimilation system have been made in the assimilation system with the nested do-
main. Data assimilation in the global domain is now taken in account and the boundary
condition from the assimilated fields show significant impacts on the regional domain.
Firstly, we assimilate stratospheric ozone profiles from MLS (Microwave Limb Soun-
der) to investigate two Stratosphere-Troposphere Exchange (STE) case studies. This study
compares the results at two horizontal grid resolutions 2◦ and 0.2◦. MLS ozone analyses
show a better description of the UTLS region than the free model run. In particular,
at high horizontal resolution the MLS ozone analyses present realistic filamentary ozone
structures in the UTLS and laminae structures in the ozone profile. Results from back-
ward trajectories and ozone forecasts show that assimilation at high horizontal resolution
of MLS stratospheric ozone profiles has an impact on tropospheric ozone fields. This study
also shows the interest of such instruments for tropospheric applications as air quality fo-
recasts and tropospheric ozone budget studies.
Secondly, stratospheric ozone profiles from MLS and tropospheric ozone columns from
IASI (Infrared Atmospheric Sounding Interferometer) have been assimilated at high hori-
zontal resolution (0.2◦). This study compares the separate and combined analysis of IASI
tropospheric columns and MLS stratospheric profiles, in order to investigate possible sy-
nergistic effects. These comparisons with independent data show that the IASI and MLS
combined assimilation analyses provides the most realistic ozone fields of the stratos-
phere, UTLS and troposphere. Through neither instrument covers the entire atmospheric
column alone, the combined MLS and IASI analyses also show the best agreement with
the independent total column data provided by OMI (Ozone Monitoring Instrument).
Lastly, the behavior in terms of height and depth of the extra-tropical mixing layer
in the lowermost stratosphere is investigated at local and global scale using MLS O3 and
6MOPITT (Measurements Of Pollution In The Troposphere) CO assimilation. We apply
diagnostics using O3-CO correlations to quantify the effect of the assimilation on the height
and depth of the mixing layer. We firstly focused on a STE case study where MOPITT
CO analyses have the capability to sharpen the mixing layer distribution whereas MLS
O3 analyses provide a tropospheric expansion of the mixing layer distribution with its
maximum close to the thermal tropopause. When MLS O3 analyses and MOPITT CO
analyses are used together for the diagnostics, the mixing layer shows more realistic results
and matches the thermal tropopause. At global scale, MOPITT CO analyses still shows
a sharper chemical transition between stratosphere and troposphere than the free model
run. MLS O3 analyses lower and spread the mixing layer toward the troposphere. When
MLS O3 analyses and MOPITT CO analyses are used together the mixing layer matches
the thermal tropopause poleward to 50◦. This study shows that data assimilation can
provide good quality chemical analyses despite a relatively low vertical model resolution.
Keywords : Data assimilation, ozone, UTLS, troposphere, stratosphere, satel-
lite, limb, nadir, carbon monoxide.
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Introduction
La stratosphe`re et la troposphe`re sont deux re´gions de l’atmosphe`re qui ont des proprie´te´s
physico-chimiques bien distinctes. La dynamique de ces deux re´gions sont tre`s diffe´rentes :
la stratosphe`re pre´sente des vents horizontaux forts avec des vitesses verticales faibles, la
troposphe`re a` l’inverse montre des vitesses verticales e´leve´es. On parle aussi de stabilite´
verticale plus e´leve´e en stratosphe`re qu’en troposphe`re. L’ozone (O3) qui est un compo-
sant minoritaire tre`s important de l’atmosphe`re rend aussi bien compte des diffe´rences
entre stratosphe`re et troposphe`re. A peu pre`s 90% de l’ozone atmosphe´rique se trouve en
stratosphe`re, et seulement 10% se trouve en troposphe`re. Dans la stratosphe`re et donc en
altitude (au dessus de 12 km environ), l’ozone absorbe le rayonnement solaire ultraviolet
et permet ainsi le maintient de la vie sur Terre. Celle ci e´tait menace´e par la pollution,
en particulier par les e´missions croissantes de gaz CFC (Chloro Fluoro Carbures) [World
Meteorological Organization, 2007] jusque dans les anne´es 1990. Les CFC montent dans
la haute atmosphe`re et catalysent la destruction de l’ozone, e´tant ainsi a` l’origine du trou
dans la couche d’ozone. Dans la troposphe`re (entre la surface et environ 10 km d’altitude)
l’ozone, bien qu’en quantite´s beaucoup plus faibles, contribue a` l’effet de serre additionnel,
e´quivalent a` 24% de celui ge´ne´re´ par le dioxyde de carbone (CO2) [Ramaswamy et al.,
2001]. L’ozone est aussi un des principaux polluants toxiques pour les e´cosyste`mes [Co-
oper et al., 2010] et la sante´ humaine [Organization, 2005]. Il s’agit d’un gaz irritant et
nocif pouvant ge´ne´rer des maladies respiratoires et cardio-vasculaires. Les fortes quan-
tite´s d’ozone que l’on trouve aux alentours des re´gions urbaines sont dues aux e´missions
de pre´curseurs par les activite´s humaines.
En plus de la production chimique d’ozone par les e´missions des polluants primaires de-
puis la surface (oxydes nitriques (NOx), compose´es organiques volatils (COV), monoxyde
de carbone (CO)), les e´changes de masses d’air entre la troposphe`re et la stratosphe`re
contribuent a` environ 30% du bilan de l’ozone troposphe´rique [Lelieveld et Dentener,
2000]. Aux moyennes latitudes les masses d’air stratosphe´riques fortement concentre´es en
ozone qui entrent en troposphe`re constituent l’apport majeur des sources d’ozone natu-
relles en troposphe`re. La re´gion a` l’interface que constitue la haute troposphe`re - basse
stratosphe`re (UTLS : Upper Troposphere - Lower Stratosphere) pre´sente donc un grand
inte´reˆt pour les e´tudes et les applications portant sur l’ozone troposphe´rique. La re´gion
de l’UTLS qui est re´gie par des processus de transport a` fine e´chelle et des processus
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chimiques microphysiques et multiphasiques restent encore incertains. La contribution
chimique de la stratosphe`re sur la troposphe`re reste encore mal estime´e et de grandes
incertitudes persistent au niveau de l’estimation des flux entre la stratosphe`re et la tro-
posphe`re. Cette re´gion qui est caracte´rise´e par une forte variabilite´ spatio-temporelle de
l’ozone (ou d’autres espe`ces chimiques comme par exemple le CO) ne´cessite des mesures
et des mode´lisations nume´riques de tre`s bonne qualite´.
Les mesures in-situ (ae´roporte´s et ballons-sondes) des compose´s chimiques de l’at-
mosphe`re tels que l’ozone sont tre`s pre´cises dans le temps et l’espace. L’e´chantillonnage
de ces mesures permet de de´tecter les variations caracte´ristiques du champ d’ozone a`
l’UTLS. Cependant, la couverture des mesures in-situ est tre`s peu dense et ne permet
pas d’appre´hender comple`tement les phe´nome`nes de me´lange et d’e´changes entre la stra-
tosphe`re et la troposphe`re. Comparativement au re´seau de mesures in-situ, les observations
satellites, de manie`re ge´ne´rale, ont l’avantage de fournir une couverture globale avec un
fort e´chantillonnage spatio-temporel. Depuis maintenant plus d’une dizaine d’anne´es, les
observations de la composition chimique de l’atmosphe`re depuis l’espace s’intensifient et
deviennent un outil indispensable a` l’e´tude de la composition chimique de l’atmosphe`re
et de son e´volution malgre´ certaines limites de´crites ci-apre`s. Deux principaux types de
ge´ome´tries de vise´e existent le limbe et le nadir.
Les instruments au limbe balayent l’atmosphe`re sur la verticale au cours de leur or-
bite autour de la Terre. Ce type d’instrument qui permet d’obtenir des profils verticaux
est limite´ aux domaines d’altitude stratosphe´rique (et me´sosphe´rique) ; en troposphe`re
l’incertitude de la mesure devient trop grande pour eˆtre utilisable. Les mesures au limbe
fournissent des profils verticaux avec couverture globale mais l’e´chantillonnage horizontal
reste faible. Les instruments au nadir visent le sol depuis l’espace. Dans ce type de me-
sure toutes les couches de l’atmosphe`re ont le meˆme poids Le nadir produit des donne´es
en contenu inte´gre´ en verticale sur toute ou une partie de l’atmosphe`re avec souvent un
fort e´chantillonnage horizontal. Bien que la couverture des mesures satellites soit globale
leurs re´solutions spatiales restent bien infe´rieure a` celles des mesures in-situ. Bien que la
ge´ome´trie de mesure soit cruciale suivant les diffe´rentes applications scientifiques, les pro-
prie´te´s d’absorption de mole´cule mesure´e et sa re´partition dans l’atmosphe`re de´terminera
la pre´cision de la mesure suivant la re´gion d’inte´reˆt conside´re´e. Par exemple, compte tenu
de la structure verticale de l’ozone dans l’atmosphe`re, les contenus inte´gre´s d’ozone tro-
posphe´riques sont souvent sujet a` un bruit d’origine stratosphe´rique qui augmente l’erreur
de la mesure. Pour ces diffe´rentes raisons, les mesures satellites ont souvent une erreur de
mesure supe´rieure aux mesures in-situ.
Une autre outil pour l’e´tude de la composition chimique de l’atmosphe`re re´side dans
la mode´lisation nume´rique et l’utilisation de mode`les de chimie transport (CTM). Les
CTM apportent une contribution fondamentale a` l’e´tude de la composition chimique at-
mosphe´rique puisqu’ils permettent d’inte´grer les connaissances acquises, de tester des
hypothe`ses sur le roˆle des processus individuels et de suivre ainsi l’e´volution de la com-
position chimique de l’atmosphe`re. En 1998, le mode`le MOCAGE (MOde`le de Chimie
Atmosphe´rique a` Grande Echelle) a` vu le jour. Au fil des anne´es, il a e´te´ de´veloppe´
pour diffe´rentes applications ; de l’e´tude des interaction entre la chimie et le climat a` la
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pre´vision re´gionale de la qualite´ de l’air [Peuch et al., 1999]. Plusieurs sche´mas chimiques,
du sche´ma line´arise´ d’ozone [Cariolle et De´que´, 1986] au sche´ma de´taille´ troposphe´rique et
stratosphe´rique RACMOBUS [Dufour et al., 2005], sont alors utilisables dans diffe´rentes
configurations De manie`re ge´ne´rale les CTM, sont base´ sur de nombreuses approximations
dues aux complexite´s du syste`me physico-chimique de l’atmosphe`re. Bien que de grand
avancements on e´te´ faits durant les 30 dernie`res anne´es dans la compre´hension et dans la
mode´lisation nume´rique de la physique et de la chimie de l’atmosphe`re, la connaissance
des processus dynamiques et chimiques reste encore incomple`te.
Les limites qui concernent aussi bien les mesures spatiales que la mode´lisation nume´rique
peuvent eˆtre surmonte´s par la technique d’assimilation de donne´es, qui combine de manie`re
optimale l’information provenant des mode`les et des observations en tenant compte de
leurs incertitudes respectives. Cette technique a` e´te´ introduite dans les anne´es 1990 en
chimie atmosphe´rique par Austin [1992],Fisher et Lary [1995] et par Elbern et al. [1997] en
stratosphe`re comme en troposphe`re. L’assimilation de donne´es permet de contraindre le
mode`les avec les observations disponibles dans la troposphe`re, la stratosphe`re mais aussi
a` l’interface que constitue l’UTLS. Les contributions des donne´es au mode`le pour l’e´tude
de processus physico-chimiques ainsi que les limites de la mode´lisation peuvent eˆtre mises
en e´vidence et eˆtre identifie´s pre´cise´ment. Le syste`me d’assimilation utilise´ dans ce tra-
vail de the`se, MOCAGE-PALM est le fruit d’une collaboration entre Me´te´o-France et le
CERFACS (Centre Europe´en de Recherche et de Formation Avance´e en Calcul Scienti-
fique). MOCAGE-PALM utilise la me´thode d’assimilation variationnelle 3D-FGAT (First
Guess at Appropriate Time, Fisher et Andersson [2001]) qui est un compromis entre la
technique tri-dimensionnelle classique 3D-Var et la technique quadri-dimensionnelle 4D-
Var nume´riquement tre`s couˆteuse. Le syste`me MOCAGE-PALM a` e´te´ valide´ au cours du
projet ASSET [Lahoz et al., 2007] et a` produit des re´sultats de bonne qualite´ en comparai-
son de donne´es inde´pendantes in-situ (radiosondages) et d’autres syste`mes d’assimilation
[Geer et al., 2006].
Un des objectifs pre´liminaires de la the`se e´tait d’e´tudier et de caracte´riser les e´changes
d’ozone entre la stratosphe`re et la troposphe`re a` haute re´solution. Hauchecorne et al.
[2002], Marchand et al. [2003] et Tripathi et al. [2006] ont montre´ que ces e´changes re-
quie`rent une re´solution horizontale fine. Semane et al. [2007] et El Amraoui et al. [2010]
ont aussi montre´ que l’assimilation de donne´es de mesures d’ozone au limbe (profils stra-
tosphe´riques d’ozone) permet la repre´sentation re´aliste des intrusions stratosphe´riques.
Cependant, ces e´tudes ont e´te´ re´alise´es a` l’e´chelle globale pour une faible re´solution ho-
rizontale (2◦). Dans ce cadre, le premier objectif de cette the`se fuˆt d’utiliser le syste`me
d’assimilation MOCAGE-PALM dans une configuration re´gionale qui permet d’avoir une
haute re´solution horizontale (0.2◦). L’impact de la haute re´solution et de l’assimilation des
profils d’ozone MLS (Microwave Limb Sounder) au niveau de l’UTLS et de la troposphe`re
est pre´sente´ dans cette premie`re e´tude [Barre´ et al., 2012a].
L’objectif principal de cette the`se e´tait d’e´tudier l’assimilation simultane´e de donne´es
d’ozone d’un sondeur au limbe et d’un sondeur au nadir. De pre´ce´dentes e´tudes ont utilise´
la combinaison des ces deux types de mesures d’ozone dans des expe´riences d’assimila-
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tion. Struthers et al. [2002] a montre´ que l’assimilation des profils stratosphe´riques MLS
et des colonnes totales GOME (Global Ozone Monitoring Experiment) donne de meilleurs
re´sultats que l’assimilation se´pare´e des ces deux produits. Wargan et al. [2010] a aussi uti-
lise´ les mesures MLS et les colonnes totales de OMI (Ozone Monitoring Instrument) pour
l’e´tude de la distribution de l’ozone au niveau de l’UTLS. L’e´tude montre que les champs
d’ozone sont fortement ame´liore´s. Cependant ces e´tudes, comme d’autres e´tudes du meˆme
type (par exemple Massart et al. [2009]), utilisent un mode`le a` e´chelle globale et donc a`
faible re´solution horizontale ainsi que des sche´mas chimiques line´arise´s pour l’ozone. Ces
configuration trouvent leurs limites pour repre´senter efficacement les e´changes au niveau
de l’UTLS ainsi que les champs d’ozone au niveau de la troposphe`re. Notre approche ici
est d’utiliser un mode`le repre´sentant la chimie comple`te en stratosphe`re et en troposphe`re
a` une re´solution horizontale e´leve´e de 0.2◦. De plus les mesures au nadir utilise´es dans ces
e´tudes ne restituent que de mesures de la colonne totale d’ozone dont l’information prin-
cipale se trouve en stratosphe`re. Par les progre`s des techniques d’inversion, l’instrument
IASI (Interfe´rome`tre Atmosphe´rique de Sondage Infrarouge) permet de fournir des co-
lonnes troposphe´riques d’ozone [Eremenko et al., 2008]. Une expe´rience d’assimilation des
colonnes partielles de IASI dans un CTM montre que l’ozone troposphe´rique du mode`le
est fortement ame´liore´ [Coman et al., 2012]. Ainsi, dans une seconde e´tude nous avons
voulu combiner les colonnes troposphe´riques IASI avec les profils stratosphe´riques MLS
dans une expe´rience d’assimilation a` haute re´solution en prenant en compte la chimie
stratosphe´rique et troposphe´rique afin d’identifier les possibles synergies et les impacts
respectifs des deux instruments sur les diffe´rentes couches de l’atmosphe`re [Barre´ et al.,
2012b].
Enfin dans une dernie`re e´tude, nous avons voulu quantifier l’apport de l’assimila-
tion de donne´es d’ozone et de monoxyde de carbone pour la caracte´risation de la couche
de me´lange au niveau de l’UTLS. Les me´thodes traceurs-traceurs se trouvent eˆtre un
bon moyen de caracte´riser les processus de me´lange au niveau de l’UTLS. Les forts gra-
dients des espe`ces chimiques qui existent dans cette re´gion sont une limite bien connue
des mode`les de chimie transport [Law et al., 2000]. Une e´tude d’inter-comparaison de
mode`les [Hegglin et al., 2010] montre la mauvaise estimation en hauteur et en e´paisseurs
de la couche de me´lange (ou encore couche de transition chimique) dans la plupart des
mode`les. La trop faible re´solution de ces mode`les pour la mode´lisation des champs chi-
miques a` l’UTLS en est la principale cause. En se servant de diagnostics permettant de
quantifier les caracte´ristiques de la couche de transition, nous avons estime´ pre´cise´ment
l’apport de l’assimilation des donne´es de CO et d’O3 provenant du sondeur au nadir MO-
PITT (Measurements Of Pollution In The Troposphere) et du sondeur au limbe MLS,
respectivement. L’e´tude montre comment l’assimilation des donne´es peut surmonter le
manque de re´solution verticale dans les mode`les de chimie. Cette e´tude constituera la
dernie`re partie de cette the`se [Barre´ et al., 2012a].
Le premier chapitre de cette the`se est consacre´ a` des rappels concernant les structure
de l’atmosphe`re, la chimie de l’ozone troposphe´rique et stratosphe´rique ainsi qu’aux pro-
cessus dynamiques de l’atmosphe`re, notamment a` l’UTLS.
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Le second chapitre pre´sente les caracte´ristiques du mode`le MOCAGE. Un rappel des
diffe´rentes techniques d’assimilation variationnelles sont pre´sente´s. La technique mise en
place dans ce travail pour l’assimilation chimique sur un domaine a` aire limite´e dans
MOCAGE-PALM est de´taille´e.
Le troisie`me chapitre pre´sente un re´sume de l’article Barre´ et al. [2012a] publie´ en
juillet 2012 dans la revue Atmospheric Chemistry and Physics ainsi qu’une partie discu-
tant de l’estimation des flux d’ozone entre la stratosphe`re et la troposphe`re.
Le quatrie`me chapitre pre´sente un re´sume´ de l’article Barre´ et al. [2012b] soumis dans
la revue Quarterly Journal of the Royal Meteorological Society.
Le cinquie`me chapitre pre´sente un re´sume´ de l’article Barre´ et al. [2012a] publie´ dans
la revue Atmospheric Chemistry and Physics Discussions
En annexe A est pre´sente´e une autre e´tude a` laquelle j’ai contribue´, mais qui n’est pas
tre`s directement relie´e au sujet principal de cette the`se.
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Chapitre 1
Processus physico-chimiques dans la
moyenne et basse atmosphe`re.
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1.1 Introduction
1.1.1 Structure de l’atmosphe`re terrestre
L’atmosphe`re terrestre est compose´ de diffe´rentes couches successives en altitude. On les
distinguent ge´ne´ralement par la variation du profil vertical de tempe´rature (figure 1.1).
La troposphe`re (du grec τρπω qui signifie faire le tour), la couche la plus proche de la
surface, est caracte´rise´e par un profil vertical de tempe´rature qui de´croˆıt avec l’altitude.
Cette couche contient plus de 80% de la masse totale de l’atmosphe`re et la grande ma-
jorite´ de la vapeur d’eau. De manie`re ge´ne´rale, la forte de´croissance de la tempe´rature
avec l’altitude (gradient ne´gatif de tempe´rature) -6,5◦K par kilome`tre d’altitude favorise
l’instabilite´ des masses d’air et permet ainsi des processus de me´lange par convection.
Au dessus de la troposphe`re, la` ou` la tempe´rature cesse de de´croˆıtre avec l’altitude, se
situe la tropopause. Cette limite se situe a` des altitudes variables suivant la latitude et la
de´finition pre´cise qu’on lui attribue (voir partie 1.5.1). Le minimum de tempe´rature qui
caracte´rise la tropopause thermique se situe entre 15 et 18 km aux tropiques et entre 7 et
9 km aux poˆles. La tropopause marque la limite entre la troposphe`re et la stratosphe`re.
La stratosphe`re (du latin stratus qui signifie e´taler), au dessus de la tropopause, est ca-
racte´rise´e par un gradient positif de tempe´rature avec l’altitude. Cette augmentation de
tempe´rature est duˆ a` la forte concentration d’ozone dans cette couche de l’atmosphe`re
qui absorbe avec le rayonnement solaire Ultra Violet (UV). Le gradient de tempe´rature
positif tend a` bloquer les e´changes verticaux et conduit a` une stratification horizontale
de la couche atmosphe´rique. Des vents zonaux rapides (dirige´s suivant les longitudes),
ainsi qu’un transport me´ridien a` grande e´chelle de l’e´quateur vers les poˆles (circulation de
Brewer-Dobson), assurent les processus de me´lange. La stabilite´ de la stratosphe`re (faibles
e´changes verticaux) en regard des instabilite´s troposphe´riques (processus dynamiques ver-
ticaux), provoque une barrie`re dynamique a` la tropopause. Au dela`, de la stratosphe`re
se situe la stratopause, qui marque la frontie`re avec la me´sosphe`re. La me´sosphe`re est
caracte´rise´e par un gradient de tempe´rature ne´gatif. Ensuite vient la thermosphe`re ou la
tempe´rature croit de nouveau. Au dela`, l’atmosphe`re devient tre`s te´nue.
1.1.2 Distribution de l’ozone dans l’atmosphe`re
L’ozone est un constituant minoritaire de l’atmosphe`re. Sa distribution verticale (figure
1.2) est tre`s diffe´rente des autres compose´s chimiques atmosphe´riques, comme l’azote, la
vapeur d’eau, l’oxyge`ne mole´culaire, le dioxyde de carbone ou le me´thane, qui pre´sentent
un maximum de concentration vers la surface suivi d’une de´croissance avec l’altitude.
Le profil d’ozone pre´sente des concentration faibles a` la surface et dans la troposphe`re.
La concentration d’ozone augmente brusquement au niveau de la tropopause pour at-
teindre un maximum vers la basse stratosphe`re, qu’on appelle commune´ment la couche
d’ozone. Ainsi plus de 90% de la quantite´ totale de l’ozone atmosphe´rique se situe dans
la stratosphe`re. L’altitude de la couche d’ozone varie en fonction de la latitude. Elle est
plus basse aux poˆles, entre 15 et 20 km, et plus haute a` l’e´quateur, entre 25 et 30 km.
L’altitude de la couche d’ozone varie aussi avec la saison, plus basse dans l’he´misphe`re
d’hiver et plus haute dans l’he´misphe`re d’e´te´. Au dessus de 30 km la concentration d’ozone
Processus physico-chimiques dans la moyenne et basse atmosphe`re. 19
Figure 1.1 – Profil de tempe´rature dans l’atmosphe`re en ◦C.
de´croˆıt rapidement. Cette distribution verticale particulie`re est le re´sultat d’une source
d’ozone stratosphe´rique. L’ozone stratosphe´rique est majoritairement forme´ au niveau de
l’e´quateur. Cependant l’examen de la distribution verticale de l’ozone stratosphe´rique
re´ve`le des concentrations maximales aux hautes latitudes en hiver. Cela illustre l’im-
portance de la circulation me´ridienne moyenne dite de Brewer-Dobson [Brewer, 1949;
Dobson, 1956] qui transporte l’ozone depuis les re´gions e´quatoriales vers le poˆle d’hiver.
Ce transport horizontal s’accompagne d’un lent mouvement de subsidence : c’est pour-
quoi l’altitude du maximum de concentration d’ozone de´croˆıt a` mesure qu’on approche
des re´gions polaires. L’ozone stratosphe´rique est d’une importance capitale, car en absor-
bant les rayonnements solaires UV-B (de´truisant les structures mole´culaires du vivant),
permet le maintient de la vie sur Terre. L’ozone troposphe´rique est quant a` lui forme´
par diffe´rentes sources. Une partie provient des intrusions masses d’air stratosphe´riques,
riches en ozone, en troposphe`re [Danielsen, 1968]. Ces phe´nome`nes ponctuels mais certes
assez fre´quents ont lieu aux moyennes latitudes. L’ozone en haute troposphe`re contribue a`
l’effet de serre en absorbant le rayonnement infrarouge terrestre et provoque un chauffage
radiatif a` la surface [IPCC 1996]. L’autre partie de l’ozone troposphe´rique est produit par
la re´action de polluants, tels que les oxydes d’azote et les compose´s organiques volatils, et
le rayonnement solaire. Ces polluants sont e´mis par les activite´s humaines et naturelles.
On appelle alors l’ozone un polluant secondaire. A` la surface, en concentrations e´leve´es
l’ozone est extreˆmement nocif pour les poumons, les reins, le cerveau et les yeux. De
manie`re ge´ne´rale, la distribution verticale de l’ozone montre de fortes valeurs d’ozone en
stratosphe`re et de faibles valeurs d’ozone en troposphe`re. Un fort gradient d’ozone est
donc observe´ au niveau de la tropopause.
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Figure 1.2 – Distribution verticale de l’ozone dans la troposphe`re et la stratosphe`re.
1.2 Chimie de l’ozone stratosphe´rique
1.2.1 Photo-dissociation de l’oxyge`ne mole´culaire et production
de l’ozone
La photo-dissociation de l’oxyge`ne mole´culaire dans la stratosphe`re par le rayonnement
solaire ultraviolet (infe´rieure a` 242 nm) produit des atomes d’oxyge`ne qui sont a` l’origine
de la production de l’ozone :
O2 + hv → O +O (1.1)
La production d’ozone dans la stratosphe`re est naturelle et re´sulte de la re´action
suivante :
O +O2 +M → O3 +M (1.2)
avec M = O2 ou N2 qui sont des stabilisants des produits de la re´action pre´ce´dente.
Cette re´action se produit essentiellement dans la haute stratosphe`re e´quatoriale a` des
altitudes supe´rieures a` 30 km, ou` l’ensoleillement est maximum. Elle entraˆıne e´galement
une libe´ration de chaleur qui correspond a` l’e´nergie de liaison O-O2. Ce processus explique
le gradient positif de tempe´rature observe´ dans la stratosphe`re.
1.2.2 Photo-dissociation de l’ozone
L’ozone produit peut ensuite eˆtre re´duit par photo-dissociation ne´cessitant un rayonne-
ment ultraviolet de longueur d’onde infe´rieur a` 320 nm :
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O3 + hv → O2 +O (1.3)
Par recombinaison avec l’oxyge`ne atomique, l’ozone participe a` la reformation de
l’oxyge`ne mole´culaire :
O3 +O(1D) → 2O2 (1.4)
Ce me´canisme introduit par [Chapman, 1930] n’ope`re que le jour puisque les photo-
dissociation de l’oxyge`ne mole´culaire et de l’ozone ne sont plus assure´s la nuit. Il faut
aussi noter que ce cycle de destruction et de production de l’ozone conduit a` une sur-
estimation de la quantite´ d’ozone dans la stratosphe`re. La destruction d’ozone de´crite
par ces e´quations n’e´quilibrent pas la production d’ozone par le rayonnement solaire.
D’autres me´canismes catalytiques de destruction de l’ozone et de l’oxyge`ne atomique
doivent alors eˆtres pris en compte. Les catalyseurs de ces re´actions, qui sont des consti-
tuants minoritaires pre´sents a` des concentrations bien infe´rieures a` celle de l’ozone (n’e´tant
pas consomme´s par les re´actions), peuvent jouer un roˆle quantitatif dans la destruction
d’ozone [Crutzen, 1970]. Dans le cas de l’ozone, les cycles catalytiques sont du type :
O3 +X → XO +O2 (1.5)
XO +O → O2 +X (1.6)
Il en re´sulte donc :
O3 +O → 2O2 (1.7)
Ou` X repre´sente H, OH, NO, N , Cl et Br. Dans la chimie stratosphe´rique on inclut
donc les compose´s suivants :
• les compose´s hydroge´ne´s (HOx = H + OH + HO2)
• les compose´s azote´s (NOx = N + NO + NO2 + NO3)
• les compose´s brome´s (BrOx = Br + BrOx)
• les compose´s chlore´s (ClOx = Cl+ ClO)
Il est a` noter que la distribution spatio-temporelle de l’ozone dans la stratosphe`re
n’est pas simplement de´termine´e par l’e´quilibre photochimique entre sa production et sa
destruction. En effet l’examen de la re´partition latitudinale de l’ozone stratosphe´rique
rele`ve des quantite´s maximales aux latitudes polaires, et non dans sa principale re´gion de
production a` l’e´quateur. Cela illustre l’importance des processus de transport notamment
la circulation me´ridienne moyenne de Brewer-Dobson qui transporte l’ozone depuis les
re´gions e´quatoriales vers les poˆles.
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Figure 1.3 – Sche´ma de principe de la chimie de l’ozone stratosphe´rique (d’apre`s Brasseur
et al. [1999])
1.3 Chimie de l’ozone troposphe´rique
La distribution spatiale et temporelle de l’ozone dans la troposphe`re est controˆle´e par
cinq processus : la production photochimique dans la troposphe`re, la destruction photo-
chimique, la destruction par photolyse, le de´poˆt au sol et les e´changes entre la stratosphe`re
et la troposphe`re.
1.3.1 Production de l’ozone
Dans la troposphe`re le rayonnement solaire ultraviolet fortement atte´nue´ ne permet plus la
photolyse de l’oxyge`ne mole´culaire. En revanche le rayonnement de longueurs d’onde com-
prises entre 290 et 430 nm qui pe´ne`tre jusqu’a` la surface dissocie les mole´cules de dioxyde
d’azote pour donner des atomes d’oxyge`ne ne´cessaires pour la formation de l’ozone :
NO2 + hv −→ NO +O (1.8)
O +O2 +M −→ O3 +M (1.9)
avecM repre´sentant une tierce mole´cule stable, capable d’absorber l’exce´dent d’e´nergie
vibrationnelle.
Le monoxyde d’azote NO re´agit alors rapidement avec l’ozone, pour reformer du
dioxyde d’azote NO2 :
O3 +NO −→ NO2 (+ O2) (1.10)
Ce cycle pre´sente donc un bilan nul si la reconversion de NO en NO2 met en jeu
O3. Cependant la pre´sence d’autres oxydants en particulier les radicaux libres RO2 (ou`
R repre´sentant soit un atome d’hydroge`ne, soit un compose´ organique) sont capables de
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reformer du dioxyde d’azoteNO2 sans consommer de mole´cules d’ozone. Ces radicaux pro-
viennent de l’oxydation des compose´s carbone´s tels que le monoxyde de carbone (CO),
le me´thane (CH4) et d’autres hydrocarbures tels que les compose´s organiques volatils
(COV). Les NOx (NO et NO2) sont essentiellement d’origine anthropique bien que cer-
taines contributions naturelles soient aussi significatives (e´clairs et feux de biomasse). Le
CO est e´mis directement dans l’atmosphe`re lors des processus de combustion incomple`te
des hydrocarbures fossiles ou de la biomasse. Les COV sont quant a` eux a` la fois d’origine
anthropique et d’origine bioge´nique. La production photochimique de l’O3 par l’oxydation
du CO est re´alise´e suivant la suite de re´actions suivantes :
CO +OH → HO2 + CO2 (1.11)
HO2 +NO → OH +NO2 (1.12)
NO2 + hv → NO +O (1.13)
O +O2 +M → O3 +M (1.14)
aboutissant au bilan :
CO + 2O2 + hv → O3 + CO2 (1.15)
La production photochimique de l’O3 par l’oxydation des compose´s organiques volatils
(COVs) est plus complexe et conduit a` la production deH2O et O3 de la manie`re suivante :
OH +RH → R +H2O (1.16)
R +O2 +M → RO2 +M (1.17)
RO2 +NO → RO +NO2 (1.18)
RO +O2 → HO2 +R′CHO (1.19)
HO2 +NO → HO +NO2 (1.20)
2(NO2 + hv → NO +O) (1.21)
O +O2 +M → O3 +M (1.22)
1.3.2 Destruction de l’ozone
Outre le de´poˆt sec a` la surface, l’ozone est e´galement e´limine´ par destruction photochi-
mique en re´action avec NO et par photolyse, en proportion largement moindre que dans
la stratosphe`re. La photolyse de l’O3 libe`re un atome d’oxyge`ne soit dans son e´tat fon-
damental, note´ O ou O(3P ), lors d’un rayonnement a` des longueurs d’ondes infe´rieures
a` 1000 nm soit dans un e´tat excite´, note´ O(1D), pour un rayonnement a` des longueurs
d’ondes infe´rieures a` 320 nm. En effet, seules les longueurs d’ondes supe´rieures a` 290 nm
pe´ne`trent l’atmosphe`re jusqu’a` proximite´ de la surface.
O3 + hv(< 320nm) → O(1D) +O2 (1.23)
O3 + hv(< 1000nm) → O(3P ) +O2 (1.24)
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Une fraction importante de O(1D) (90%) est alors ramene´e rapidement en O(3P ) par
collision avec les mole´cules d’azote et d’oxyge`ne (note´es M simplement ci-dessous).
O(1D) +M → O(3P ) +M (1.25)
Les atomes d’oxyge`ne dans l’e´tat fondamental se recombinent rapidement avec O2 pour
former O3.
O(3P ) +O2 +M → O3 +M (1.26)
Les 10% restants d’atomes d’oxyge`ne excite´s re´agissent alors avec H2O pour former deux
radicaux hydroxyle OH
O(1D) +H2O → 2OH (1.27)
La photolyse de l’O3 est donc, avec la photolyse des compose´s organiques volatils et
l’oxydation des hydrocarbures, une des principales sources de concentration de OH dans
la troposphe`re.
Figure 1.4 – Sche´ma des sources, des puits et des inter-conversions chimiques rapides des
radicaux HOx. Le cycle constitue´ par les re´actions 1, 2, 3 et 4 produit ou de´truit de l’ozone
en fonction des concentrations de NO pre´sentes dans l’atmosphe`re (d’apre`s Delmas et al.
[2005]).
1.4 Le monoxyde de carbone
Le monoxyde de carbone est e´mis directement dans l’atmosphe`re depuis la surface lors
des processus de combustion incomple`te des hydrocarbures fossiles ou de la biomasse.
Il est de plus produit dans l’atmosphe`re lors de l’oxydation du me´thane ou d’autres
hydrocarbures. Deux tiers du CO provient des e´missions de surfaces et un tiers du CO
est produit dans l’atmosphe`re. Son principal puits provient de sa re´action avec OH. Son
rapport de me´lange dans la troposphe`re est de l’ordre de 90 ppb (parties par milliards)
mais les concentrations de CO peuvent eˆtre cinq a` dix fois plus e´leve´es au voisinage des
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sources de combustion et dans les panaches. Son temps de vie (qui de´pend de la latitude
et de l’altitude), de l’ordre de un a` deux mois dans la troposphe`re, lui permet d’eˆtre un
bon traceur des sources d’hydrocarbures qu’il s’agisse de pollution anthropique ou de feux
de biomasse. De par sa production troposphe´rique, le profil vertical de CO (a` l’oppose´
du profil vertical de O3) montre de fortes concentrations en troposphe`re et de tre`s faibles
concentrations en stratosphe`re. Un fort gradient de CO est observe´ a` la tropopause.
1.5 Processus dynamiques entre la stratosphe`re et la
troposphe`re
Comme cela a` e´te´ de´crit dans l’introduction de ce chapitre, les diffe´rentes couches at-
mosphe´riques sont de´finies a` l’aide du profil thermique moyen. La tropopause est la limite
entre la partie haute de la troposphe`re et la partie basse de la stratosphe`re (UTLS :
upper troposphere lower stratosphere). Cette de´limitation que constitue la tropopause a
plusieurs de´finitions (que nous de´taillerons par la suite) variant suivant la latitude et les
diffe´rents re´gimes me´te´orologiques. La tropopause peut aussi eˆtre conceptualise´e comme
une couche de transition et non comme une limite bien de´finie en altitude. L’UTLS est
une re´gion s’e´tendant a` environ ± 5 km autour de la tropopause marquant la transition
entre la troposphe`re et la stratosphe`re.
D’autre part les e´changes entre la stratosphe`re et la troposphe`re (STE : stratosphe`re-
troposphe`re exchanges) sont des processus bidirectionnels qui influencent la chimie de
l’UTLS [Holton et al., 1995]. La chimie et la dynamique de l’UTLS sont d’un grand
inte´reˆt pour l’environnement car ils affectent aussi bien le bilan radiatif de la troposphe`re
que la persistance des re´gimes me´te´orologiques. On comprend alors qu’une bonne connais-
sance de la chimie et de la dynamique de l’UTLS permet une meilleure pre´dictibilite´ des
re´troactions climatiques mais aussi de la situation me´te´orologique.
1.5.1 De´finitions de la tropopause
1.5.1.1 Tropopause thermique
Une premie`re de´finition de la tropopause peut eˆtre fixe´e sur le crite`re thermique. On de´finit
la tropopause thermique comme l’altitude la plus basse a` laquelle le gradient vertical de
la tempe´rature (Γ = −∂T
∂z
) remplit la condition Γ < 2oK/km et reste en dessous de cette
valeur sur une e´paisseur d’au moins 2 km [World Meteorological Organization, 1957].
La tropopause thermique marque le changement dans le gradient vertical de tempe´rature
d’environ −6oK/km en haute troposphe`re a` une basse stratosphe`re quasi isotherme. Cette
de´finition de la tropopause est utile pour de´tecter la discontinuite´ verticale de la stabilite´
verticale de l’atmosphe`re repre´sente´e par :
N2 =
g
θ
∂θ
∂z
=
g
T
(Γd − Γ) (1.28)
ou`N est la fre´quence de Brunt-Va¨isa¨la¨, g l’acce´le´ration de la pesanteur, θ la tempe´rature
potentielle (voir partie 1.5.1.2 equation 1.30) potentielle et Γd = g/Cp est le gradient
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Figure 1.5 – Repre´sentation sche´matique de l’UTLS extra-tropicale de l’he´misphe`re Nord
sur la longitude 60◦W le 15 Fe´vrier 2006. Les contours de vents (lignes noires par inter-
valles de 10m.s−1), les surfaces de tempe´rature potentielle (lignes noires en tirets), la
tropopause thermique (points rouges), et la tropopause dynamiques (ligne bleu claire)
sont repre´sente´s. La re´gion en bleu clair repre´sente l’UTLS extra-tropicale, en bleu fonce´
la couche de transition, en vert les maxima de stabilite´ verticale et en gris les nuages et
les fronts. Les fle`ches rouge et oranges ondule´s montrent les e´changes quasi-isentropiques
qui, respectivement franchissent ou non la tropopause. Les fle`ches rouges plus larges
montrent la circulation stratosphe´rique moyenne de Brewer-Dobson (d’apre`s Gettelman
et al. [2011]).
de tempe´rature adiabatique de l’air sec. La tropopause thermique de´termine donc la li-
mite entre l’air stratifie´ ayant une forte stabilite´ verticale (N2 grand) caracte´ristique de
la stratosphe`re et l’air ayant une faible stabilite´ verticale (N2 faible) caracte´ristique des
fortes vitesses verticales observe´s en troposphe`re. La de´finition de la tropopause thermique
donne souvent plusieurs occurrences sur un meˆme profil vertical. Par ce fait il est souvent
difficile d’obtenir une surface tridimensionnelle continue de la tropopause thermique, ce
qui la rend assez mal adapte´e pour l’e´tude de certain phe´nome`nes dynamiques comme la
caracte´risation des e´changes de masses d’air entre la stratosphe`re et la troposphe`re.
1.5.1.2 Tropopause dynamique
Une de´finition dynamique de la tropopause a` e´te´ introduite par [Hoskins et al., 1985]. Elle
est base´e sur la vorticite´ potentielle d’Ertel (note´ PV pour Potential Vorticity) qui s’e´crit
sous la forme :
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PV =
ξa.∇θ
ρ
(1.29)
ou` ρ est la masse volumique et ξa la vorticite´ absolue qui correspond au rotation-
nel du champ de la vitesse absolue. ∇θ est le gradient de la tempe´rature potentielle θ,
tempe´rature prise par une particule d’air sec amene´e de fac¸on adiabatique au niveau de
pression standard Ps (1000 hPa) :
θ = T
Ps
P
R
Cp
(1.30)
avec T la tempe´rature de la particule au niveau de pression P , R la constante spe´cifique
de l’air sec (287.15 J.kg−1.K−1) et Cp la chaleur massique a` pression constante de l’air sec
(1005 J.kg−1.K−1). De manie`re ge´ne´rale la PV est, de manie`re conventionnelle, calcule´e
a` partir des coordonne´es verticales isentropiques. La PV sur une surface isentrope est
calcule´e de la manie`re suivante :
PV =
ξrθ + f
ρ
∂θ
∂P
= N2
θ
ρg
(ξrθ + f) (1.31)
ou` f est le parame`tre de Coriolis, ξrθ repre´sente la composante verticale la vorticite´
relative sur une surface isentrope θ. Cette relation montre clairement que la PV est propor-
tionnelle a` la stabilite´ statique N2. La PV est un bon traceur dynamique du mouvement
des masses d’air car elle est conserve´e lors de tout mouvement sans frottement et adia-
batique (mouvement sur une surface a` θ constante). Les valeurs de PV qui marquent la
tropopause aux latitudes extra-tropicales se situent entre 1 PVU et 3 PVU (avec l’unite´
de vorticite´ potentielle de´finie par 1 PVU = 10−6m2.s−1.K.kg−1) la` ou` se trouve de forts
gradient de PV isentropes.
Les deux definitions de la tropopause que nous avons vues sont illustre´s par la figure
1.5, qui montre leurs localisations caracte´ristiques en altitude suivant la latitude.
1.5.1.3 Tropopause chimique
Comme nous l’avons vu dans ce chapitre, la stratosphe`re et la troposphe`re sont deux
re´gions de l’atmosphe`re chimiquement tre`s distinctes. Le changement abrupt de la concen-
tration des gaz trace entre la haute troposphe`re et la basse stratosphe`re dans les re´gions
extra-tropicales, met en e´vidence un minimum de me´lange vertical au niveau de la tro-
popause. Le fort gradient de stabilite´ verticale a` la tropopause associe´ a` une basse stra-
tosphe`re quasi isotherme cre´e un barrie`re naturelle aux de´placements verticaux. Cela
implique que des processus diabatiques sont ne´cessaires pour franchir la barrie`re dyna-
mique que constitue la tropopause. La tropopause va donc appliquer une forte contrainte
sur les processus de me´lange verticaux et donc ge´ne´rer de fort gradients verticaux sur les
compose´s chimiques de l’atmosphe`re, qu’ils soient plutoˆt d’origine troposphe´riques (par
exemple CO) ou stratosphe´riques (par exemple O3). Bethan et al. [1996] a propose´ un jeu
de diagnostics pour de´finir le gradient d’ozone caracte´ristique de la tropopause en utilisant
les valeurs d’ozone et le gradient vertical de temperature. En utilisant ces me´thodes le
gradient caracte´ristique d’ozone de´finissant la tropopause a` e´te´ trouve´ a` 800 m en dessous
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de la tropopause thermique, pour un ensemble de mesures au dessus de l’Europe.
L’e´tude du changement chimique a` la tropopause a` e´te´ approfondi en e´tudiant les
corre´lations entre un ’traceur’ troposphe´rique et un ’traceur’ stratosphe´rique dans la
re´gion de l’UTLS. Par exemple, Zahn et al. [2000] a` utilise´ les corre´lations entre O3 et
CO pour localiser l’altitude caracte´ristique du changement dans la corre´lation O3-CO qui
peut eˆtre conside´re´e comme la localisation de la tropopause chimique. Pan et al. [2004] a`
ensuite examine´ de manie`re plus statistique les corre´lation entre traceurs troposphe´rique
et stratosphe´rique et met e´vidence que la tropopause chimique se situe aux alentours de
la tropopause thermique aux moyennes latitudes (voir figure 1.6).
Figure 1.6 – Profils issus de mesures ae´roporte´s montrant la region de transition dyna-
mique et chimique au niveau de la tropopause. La tropopause thermique est repre´sente´e
en pointille´es (d’apre´s Pan et al. [2004]).
1.5.2 E´changes entre la stratosphe`re et la troposphe`re
Les processus d’e´changes de masses d’air entre la troposphe`re et la stratosphe`re (STE)
produisent des modifications conside´rables dans les profils verticaux des gaz dans l’at-
mosphe`re. Ces e´changes traduisent, par exemple, une source naturelle d’ozone en tro-
posphe`re depuis la stratosphe`re. La redistribution des gaz minoritaires provoque des
effets radiatifs et dynamiques secondaires, qui influencent les tempe´rature de la basse
stratosphe`re et donc la hauteur de la tropopause. Ces STE se de´veloppent sur de petites
e´chelles spatiales mais sont globalement importants et ont une forte influence sur les bilans
de nombreuses espe`ces. Bien que la tropopause constitue au premier ordre une barrie`re
dynamique entre la stratosphe`re et la troposphe`re, des e´changes lents de matie`re se pro-
duisent a` travers la tropopause. Ils sont de 5 a` 10 ans pour les e´changes de la troposphe`re
vers la stratosphe`re, qui se produisent surtout dans les tropiques et, de 1 a` 2 ans pour les
e´changes de la stratosphe`re vers la troposphe`re, qui se produisent surtout aux moyennes
latitudes.
Aux tropiques, l’atmosphe`re est ge´ne´ralement potentiellement instable, moyennant un
de´placement initial de la masse d’air sur la verticale. Le chauffage y est domine´ par le
relaˆchement de chaleur latente dans les nuages convectifs. Le de´veloppement continuel des
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nuages convectifs provoque des e´changes de chaleur et d’humidite´ entre les ascendances
nuageuses et les subsidences voisines. Le passage de l’air troposphe´rique vers la stra-
tosphe`re peut se faire via le phe´nome`ne d’overshoot : dans un nuage convectif, l’e´nergie
cine´tique des particules ascendantes peut eˆtre suffisante pour que celles ci de´passe le som-
met du nuage et pe´ne`tre dans la basse stratosphe`re. L’overshoot convectif observe´ dans
les cumulonimbus bien de´veloppe´s est sans doute une voie de passage importante de la
troposphe`re vers la stratosphe`re.
Aux moyennes latitudes, ce sont les mouvements quasi-horizontaux (isentropiques)
de grande e´chelle (perturbations baroclines) qui transportent la plus grande part de
la chaleur, la convection profonde n’occupant qu’une petite fraction de la troposphe`re
des moyennes latitudes. La tropopause beaucoup plus basse qu’aux tropiques, est ainsi
fac¸onne´e par les perturbations baroclines, par un processus proche des effets du de´ferlement
des ondes de Rossby plane´taires sur le vortex polaire. Les de´pressions peuvent ’de´crocher’
un tourbillon potentiel du vortex polaire sous la forme de longs filaments qui se me´langent
ensuite de manie`re irre´versible avec de l’air des plus basses latitudes. Ce processus tend
a` renforcer la transition entre le vortex de la stratosphe`re polaire (fortes valeurs de PV)
et l’air de la haute troposphe`re subtropicale (faibles valeurs de PV), donc a` accentuer la
de´limitation de la tropopause. Par ailleurs, on observe parfois des foliation de tropopause.
Ces processus de de´formation de la tropopause ont pour origine la formation de zones
frontales en altitude au voisinage des courants-jets dominant la circulation d’ouest des
masses d’air dans les sub-tropiques (30◦) et aux moyennes latitudes (50-60◦). Ces zones
frontales permettent a` l’air stratosphe´rique, dont l’origine se situe au-dessus de 10-12 km
d’altitude, de pe´ne´trer assez profonde´ment dans la troposphe`re en dessous de 5 km d’al-
titude. Aussi, il faut noter que les e´changes entre la stratosphe`re et la troposphe`re sont
tre`s localise´s dans le temps et l’espace. Par exemple, le de´ferlement des ondes de Rossby
aux moyennes latitudes ge´ne`rent le processus de filamentation. Ces filaments s’e´tendent
en longueur sur 2000 a` 3000 km avec des largeurs infe´rieures a` 100 km. Ces e´changes
sont en partie re´versibles et une partie de l’air peut retourner vers la stratosphe`re. Cepen-
dant l’e´tirement de ces filaments d’air stratosphe´riques sur de grandes distances permet
a` l’air stratosphe´rique, riche en ozone, de se me´langer a` l’air troposphe´rique par l’in-
terme´diaire de mouvements turbulents a` la “frontie`re” entre stratosphe`re et troposphe`re.
Pour l’e´tude des e´changes de la stratosphe`re vers la troposphe`re aux moyennes latitudes
via la mode´lisation nume´rique, on comprend alors mieux l’inte´reˆt de l’augmentation de la
re´solution des mode`les repre´sentant l’atmosphe`re.
Dans la troposphe`re libre (3 a` 10 km), on observe une variabilite´ temporelle de l’ozone
significative de l’ordre de quelques jours. Les mesures par te´le´de´tection laser (LiDAR,
voir figure 1.8) des concentrations d’ozone montrent assez re´gulie`rement, aux moyennes
latitudes, un doublement en quelques heures des concentrations d’ozone entre 5 km d’al-
titude et la tropopause. Sur la figure 1.8, cela se traduit par une brusque augmentation
d’ozone avec l’altitude qui re´sulte du transport quasi-horizontal des masses d’air de la
basse stratosphe`re polaire charge´es en ozone aux moyennes latitudes dans la troposphe`re
libre. Ce transport quasi-horizontal se de´veloppe sur des e´chelles de temps de quelques
jours (figure 1.7). On comprend alors le roˆle que joue l’ozone au niveau de l’UTLS au ni-
veau de la variabilite´ et du bilan d’ozone troposphe´rique. En effet la composition chimique
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Figure 1.7 – Evolution de la PV sur 7 jours au dessus du pacifique nord sur le niveau
isentrope 350 K. Au cours du de´ferlement des ondes de Rossby, les fortes valeurs de PV
stratospheriques montrent s’e´tendent vers l’e´quateur sous formes de filaments (d’apre`s
Leblanc et al. [2004]).
de la troposphe`re est soumise a` la fre´quente redistribution des espe`ces par les phe´nome`nes
me´te´orologiques. Ainsi les e´changes stratosphe`re-troposphe`re aux moyennes latitudes qui
suivent les zones frontales sont une composante non ne´gligeable du bilan d’ozone tro-
posphe´rique. En effet la contribution du transport de l’ozone depuis la stratosphe`re dans
le budget troposphe´rique est de l’ordre de grandeur de la production nette et du de´poˆt
au sol (figure 1.9).
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Figure 1.8 – Distribution verticale de l’ozone obtenu a partir d’un LiDAR ae´roporte´. Le
vol traverse les E´tats-Unis du nord vers le sud et montre un e´ve`nement STE. Les lignes
grises en trait plein sont les tempe´ratures potentielles (K), les lignes grises pointille´es est
la vitesse du vent en m.s−1 (d’apre`s Wimmers et al. [2003]).
Figure 1.9 – Composantes du bilan de l’ozone troposphe´rique qui incluent le transport
depuis la stratosphe`re et le transport inter-he´misphe´rique, le de´poˆt au sol et la production
chimique nette P(O3)-L(O3) (production moins destruction). Figure d’apre`s Delmas et al.
[2005] et Crutzen et al. [1999].
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2.1 La mode´lisation de la chimie atmosphe´rique : le
mode`le MOCAGE
2.1.1 La mode´lisation nume´rique
La mode´lisation nume´rique est un outil important pour comprendre la physique et la
chimie de l’atmosphe`re. Un mode`le nume´rique est constitue´ d’e´quations mathe´matiques ou
de relations empiriques, qui permettent de repre´senter l’e´tat et l’e´volution de l’atmosphe`re,
re´solues de manie`re plus ou moins approche´e de´pendant des moyens de calcul nume´rique.
Les premiers mode`les nume´riques repre´sentant la physique et la chimie de l’atmosphe`re
ont vu le jour il y a une trentaine d’anne´es. Depuis les efforts de recherche et la puissance
de calcul en constante e´volution ont permis de passer d’une repre´sentation moyenne de
l’atmosphe`re tre`s simplifie´e a` la mode´lisation de phe´nome`nes atmosphe´riques complexes
et tre`s localise´s dans le temps et l’espace. La finalite´ de la mode´lisation de la physico-
chimie de l’atmosphe`re est d’une part, la ve´rification des hypothe`ses scientifiques et une
connaissance de l’e´tat de l’art par une confrontation des simulations nume´riques avec
une re´alite´ observe´e, d’autre part la pre´vision de l’e´tat de l’atmosphe`re. En physique et
chimie de l’atmosphe`re deux domaines d’applications sont lie´s a` la pre´vision nume´rique :
la pre´vision a` court terme sur quelques jour voit une application sur les the´matiques de
pollution et de qualite´ de l’air alors que la pre´vision sur plusieurs de´cennies permet d’avoir
une estimation du climat futur. Durant ce travail de the`se le mode`le de chimie-transport
(figure 2.1) ou “chemical transport model” (CTM) MOCAGE est utilise´.
2.1.2 Le mode`le MOCAGE
MOCAGE (MOde`le de Chimie Atmosphe´rique a` Grande E´chelle) est un mode`le de chimie-
transport de´veloppe´ depuis plus d’une dizaine d’anne´e a` Me´te´o-France. Ce mode`le per-
met un repre´sentation tridimensionnelle de l’atmosphe`re e´voluant au cours du temps. Le
premier mode`le de chimie atmosphe´rique a` Me´te´o-France, MOBIDIC (MOde`le BIDImen-
sionnel de Chimie) [Cariolle, 1982], e´tait un mode`le bidimensionnel qui est toujours utilise´
pour mettre au point des parame´trisation chimiques. Avec l’augmentation de la puissance
de calcul, la repre´sentation tridimensionnelle de la stratosphe`re chimique devient possible
avec le mode`le REPROBUS (Reactive Procecesses Ruling the Ozone Budget in the Stra-
tosphere, Lefe`vre et al. [1994]). Un sche´ma chimique adapte´ a` la troposphe`re RACM (Re-
gional Atmospheric Chemistry Mechanism) sera ensuite ajoute´ pour constituer le sche´ma
chimique RACMOBUS. Ainsi le mode`le MOCAGE est capable de simuler les interactions
entre dynamique, physique et chimie dans la stratosphe`re et dans la troposphe`re.
2.1.2.1 Sche´mas physiques et chimiques
Le transport aux e´chelles re´solues et sous-maille est pris en compte dans MOCAGE. Pour
le transport re´solu, l’advection est base´e sur un sche´ma semi-Lagrangien de [Williamson
et Rasch, 1989]. Le sche´ma comple`tement Lagrangien suit des parcelles d’air individuelles
qui sont transporte´es par les champs de vents tri-dimensionnels au cours du temps. Cela
n’est ge´ne´ralement pas adapte´ pour une repre´sentation globale de l’atmosphe`re sur de
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Figure 2.1 – Principaux processus physico-chimiques mis en jeu pour la mode´lisation
nume´rique de la composition chimique de l’atmosphe`re d’apre`s Delmas et al. [2005]
longues pe´riodes car il faut advecter un grand nombre de parcelles individuelles, et qui
au cours du temps peuvent s’accumuler dans certaines re´gions de l’atmosphe`re et laissent
d’autres re´gions sans parcelles a` advecter. Le sche´ma semi-Lagrangien permet d’e´viter ce
proble`me en utilisant une grille re´gulie`re. A chaque nouveau pas de temps on cherche
ou` se situe la parcelle arrivant sur un point de grille (AP : arrival point) qui provient
du pre´ce´dent pas de temps (DP : departure point, voir figure 2.2). La valeur de DP est
obtenue en interpolant les valeurs de la grille autour du point de de´part.
La convection et la diffusion turbulente ne sont pas re´solues explicitement. Les pro-
cessus convectifs sont assure´s par deux sche´mas possibles : [Tiedtke, 1989] ou [Bechtold
et al., 2001]. La diffusion turbulente est base´e sur le sche´ma de [Louis, 1979]. Ces sche´mas
sont pre´sente´s et e´value´s dans Josse et al. [2004] et dans Pisso et al. [2008].
Les processus d’e´change de surface, les e´missions et le de´poˆt sont pris en compte et
traite´s de manie`re externalise´e [Michou et Peuch, 2002]. Le de´poˆt sec en surface est base´
essentiellement sur le sche´ma de [Wesely, 1989], de´crit dans [Michou et al., 2004]. Le de´poˆt
humide (ou lessivage) est parame´tre´ pour les nuages stratiformes et convectifs [Giorgi et
Chameides, 1986; Mari et al., 2000].
Plusieurs sche´mas chimiques sont imple´mente´s dans MOCAGE et peuvent eˆtre utilise´s
en fonction des applications envisage´es. Pour des applications a` de longues simulations
ou pour l’assimilation de donne´es sur de longues pe´riodes, deux sche´mas line´aires pour
l’ozone [Cariolle et De´que´, 1986] et le monoxyde de carbone [Claeyman et al., 2010] sont
inte´gre´s dans MOCAGE. Ces parame´trisations sont base´es sur une line´arisation des ten-
dances chimiques autour d’un e´tat d’e´quilibre issues d’un sche´ma photochimique bidimen-
sionnel (MOBIDIC, Cariolle et al. [2008]). Pour des applications de mode´lisations plus
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Figure 2.2 – Diagramme sche´matique du sche´ma semi-lagrangien. AP (arrival point)
repre´sente le point d’arrive´e au nouveau pas de temps. DP (departure point) repre´sente
le point de de´part au pre´ce´dent pas de temps. La fle`che repre´sente l’advection depuis DP
jusqu’a AP (d’apre`s Kalnay [2003]).
de´taille´es de la chimie de l’atmosphe`re, plusieurs sche´mas complets sont imple´mente´s. Le
sche´ma stratosphe´rique REPROBUS contient plus d’une centaine de re´actions chimiques
en phase he´te´roge`ne et homoge`ne et le sche´ma troposphe´rique RACM prend en compte les
espe`ces et les re´actions chimiques primordiales pour la chimie troposphe´rique. Le sche´ma
RACMOBUS qui est une combinaison de REPROBUS et de RACM est valable dans la
troposphe`re et dans la stratosphe`re et contient 119 espe`ces et 372 re´actions.
2.1.2.2 Caracte´ristiques principales
MOCAGE est donc un mode`le tridimensionnel en points de grille avec la possibilite´ d’ef-
fectuer des zooms afin d’augmenter la re´solution horizontale sur une re´gion d’inte´reˆt. Le
mode`le permet de traiter jusqu’a` 4 domaines imbrique´s (figure 2.3) dont la re´solution,
dans la configuration, actuelle varie entre 2◦ (∼200 km) et 0.02◦ (∼2 km). La configura-
tion multi-e´chelle permet de couvrir un spectre tre`s large d’applications depuis la qualite´
de l’air [Dufour et al., 2005; Honore´ et al., 2008; Hollingsworth et al., 2008] jusqu’aux
simulations stratosphe´riques climatiques [Teysse`dre et al., 2007].
Dans cette the`se, les configurations retenues sont 2◦ sur le domaine global et 0.2◦
sur le domaine Europe (32◦N - 72◦N ; -16◦W - 36◦E) (figure 2.4). Le “two-ways nesting”
(couplage remontant et descendant) a` e´te´ imple´mente´ dans MOCAGE. Quand une re´tro-
trajectoire du sche´ma semi-Lagrangien a son origine en dehors du domaine imbrique´ des
interpolation spatiales sont effectue´es sur le domaine a` plus grande e´chelle. Le domaine
imbrique´ est alors influence´ par le domaine qui l’entoure. Autrement dit, les conditions
aux bords du domaine imbrique´ proviennent du domaine a` plus grande e´chelle. On parle
alors de couplage descendant. De manie`re re´ciproque, une maille de re´solution plus basse
est modifie´e selon les valeurs de toutes les mailles de re´solution plus fine qu’elle contient.
Par conse´quent les structures qui apparaissent dans le domaine imbrique´ peuvent alors
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Figure 2.3 – Domaines MOCAGE de l’e´chelle globale a` me´so-e´chelle : (A) domaine
“global” a` 2◦ de re´solution horizontale ; (B) domaine “continental” a` 1◦ ; (C) domaine
“re´gional” a` 0.25◦ ; et (D) domaine “zoom” a` 0.08◦ (d’apre`s Dufour et al. [2005]).
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avoir un impact sur le domaine a` plus grande e´chelle (voir chapitre 2 partie 2.4). On parle
alors de couplage remontant.
MOCAGE est un CTM “offline” : ne´cessitant des champs me´te´orologiques archive´s
issus de mode`les de pre´visions du temps, ou de mode`les de climat pour alimenter son
sche´ma d’advection semi-Lagrangien (par exemple, le vent pour le transport) et ses pa-
rame´trisations physiques et chimiques (par exemple, la tempe´rature pour le calcul des
vitesses des re´actions chimiques). Les champs de vents horizontaux, de tempe´rature, de
pression et d’humidite´ proviennent des mode`les ARPEGE, ALADIN (Aire Limite´e et
Adaptation Dynamique) et AROME (Applications de la Recherche a` l’Ope´rationnel a`
Me´so-Echelle), les mode`les de pre´vision nume´rique du temps de Me´te´o-France ou du
mode`le du Centre Europe´en de Pre´visions Me´te´orologiques a` Moyen Terme. Dans ce tra-
vail de the`se, les forc¸ages atmosphe´riques proviennent de re´-analyses ARPEGE. Ce qui
signifie que le mode`le ARPEGE est corrige´ par des mesures (vent, tempe´rature, humidite´,
pression) par l’utilisation de l’assimilation de donne´es (dont nous expliquerons le principe
dans la suite du chapitre). ARPEGE est dans une configuration de grille horizontale gaus-
sienne T798, ce qui correspond a` une re´solution variant de 10.5 km au dessus de la France
a` 60 km au dessus du Pacifique-Sud. Les forc¸ages atmosphe´riques sont ensuite interpole´s
aux diffe´rentes re´solutions du Mode`le MOCAGE. La vitesse verticale du vent est recal-
cule´e par MOCAGE pour s’assurer de la non divergence afin de conserver la masse des
constituants chimiques. MOCAGE recalcule e´galement la ne´bulosite´ et l’humidite´ de la
stratosphe`re puisque ce parame`tre me´te´orologique est e´galement un parame`tre chimique
important a` ces altitudes. Sur la verticale, dans sa version standard, MOCAGE posse`de
47 niveaux de la surface jusqu’a` 5 hPa (figure 2.5). Il existe une version en 60 niveaux
e´tendue dans la stratosphe`re jusqu’a` 0.1 hPa. Dans ce travail de the`se, la version a` 47
niveaux est utilise´e. Les coordonne´es verticales sont des coordonne´es hybrides combinant
les syste`mes a` coordonne´es de pression et a` coordonne´es σ de telle sorte que la couche
la plus proche de la surface e´pouse le relief. La re´solution verticale du mode`le varie de
quelques me`tres a` la surface pour atteindre 800 m au niveau de l’UTLS.
2.2 L’assimilation de donne´es
L’objectif des me´thodes d’assimilation de donne´es est de combiner de fac¸on statistique-
ment optimale une information a priori, appele´e “e´bauche” et qui provient ge´ne´ralement
des simulations d’un mode`le nume´rique, avec des observations [Talagrand, 1997]. Ces deux
sources d’information sont caracte´rise´es par leurs erreurs associe´es. Le produit de cette
ope´ration est appele´e “analyse”. L’analyse correspond a` une correction de l’e´bauche en
mesurant l’e´cart entre la pre´vision et les observations. La correction de l’e´bauche prend en
compte les incertitudes lie´es a` l’e´bauche et aux observations. L’analyse pre´sente un grand
inte´reˆt car elle repre´sente un diagnostic cohe´rent de l’atmosphe`re, plus pre`s de la re´alite´
qu’une sortie de mode`le et plus complet qu’un ensemble d’observations ge´ne´ralement
he´te´roge`ne en espace et en nature. De plus l’analyse peut e´galement eˆtre utilise´e comme
e´tat initial d’une pre´vision ou pour e´valuer la qualite´ d’une pre´vision.
L’assimilation de donne´es a e´te´ introduite en chimie atmosphe´rique par Fisher et
Lary [1995] dans la stratosphe`re puis par Elbern et al. [1997] dans la troposphe`re. Lahoz
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Figure 2.4 – Champs d’ozone au niveau mode`le 25 (qui se situe entre 200 et 300 hPa)
pour le domaine global (haut) et le domaine imbrique´ (bas) le 17 juillet 2009 a` 15 :00 UT.
La concordance des champs entre le domaine global et le domaine imbrique´ illustrent le
“two-ways nesting”.
.
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Figure 2.5 – Les 47 niveaux verticaux hybrides (σ,P ) dans la version standard du mode`le
MOCAGE. A gauche le de´coupage de l’atmosphe`re en 47 couches, a` droite les coefficients
Ai et Bi permettant de calculer la pression de chaque niveau i suivant la formule Ai+Bi.Ps,
avec Ps la pression de surface.
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et al. [2007] montrent que l’assimilation de donne´es observe´es dans un mode`le de chimie
transport permet d’obtenir un e´tat plus re´aliste de l’e´volution de la composition chimique
de l’atmosphe`re.
Il existe deux grandes familles de techniques d’assimilation de donne´es :
• l’assimilation se´quentielle est base´e sur la the´orie d’estimation line´aire statistique.
Elle consiste a` ajuster une ou plusieurs variables du mode`le par rapport aux obser-
vations au fur et a` mesure de leur disponibilite´ dans le temps, sans jamais utiliser
d’observations futures [Kalman, 1960]
• l’assimilation variationnelle est base´e sur la the´orie de l’optimisation. Elle consiste
a` utiliser l’ensemble des observations passe´es et futures sur une pe´riode de´termine´e,
appele´e feneˆtre d’assimilation, pour obtenir un e´tat initial optimum permettant une
trajectoire du mode`le la plus proche des observations [Dimet et Talagrand, 1986].
Dans ce travail de the`se, l’approche variationnelle est la me´thode utilise´e. Cette me´thode
consiste a` minimiser une fonctionnelle J(x), appele´e fonction couˆt.
J(x) = Jb + Jo + Jc (2.1)
L’analyse xa correspond a` la valeur de x qui minimise cette fonctionnelle J. Cette fonc-
tion couˆt est de´compose´e en trois fonctions couˆt partielles : Jb est relative a` l’e´cart a`
l’e´bauche (ou background), Jo est relative a` l’e´cart aux observations et Jc est optionnelle
et correspond a` la prise en compte de contraintes physiques. Il existe diffe´rentes me´thodes
variationnelles dont le 3D-VAR, le 4D-VAR et le 3D-FGAT.
2.2.1 Le 3D-VAR
Figure 2.6 – Re´partition des observations dans un sche´ma 3D-VAR classique d’apre`s
[Dajet, 2007]
Pour la me´thode variationnelle du 3D-VAR (figure 2.6), on ne conside`re pour chaque
assimilation que l’ensemble des observations re´alise´es au voisinage de l’instant ou` l’on
re´alise l’assimilation [Courtier et al., 1991]. La proce´dure de minimisation permet de mo-
difier l’e´tat initial xb, pour obtenir l’analyse xa qui minimise l’e´cart avec les observations.
La fonction couˆt peut s’e´crire sous la forme :
J(x) =
1
2
(x− xb)TB−1(x− xb) + 1
2
(y −Hx)TR−1(y −Hx) (2.2)
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ou` B et R correspondent respectivement a` la matrice de variances-covariances d’erreur
d’e´bauche et d’observation.H est l’ope´rateur d’observation : il permet de passer de l’espace
du mode`le vers l’espace des observations.
Pour minimiser la fonction couˆt, il est pre´fe´rable de connaˆıtre son gradient. Ce gradient
est donne´ par la relation :
∇J(x) = B−1(x− xb)−HTR−1(y −Hx) (2.3)
L’ope´rateur HT repre´sente la matrice transpose´e de la matrice associe´e a` l’ope´rateur
line´aire H. Lorsque l’ope´rateur d’observation n’est pas line´aire, alors HT correspond a` la
matrice transpose´e de l’ope´rateur tangent line´aire a` H en x, note´ H :
Il est e´galement possible de substituer a` l’e´tat x, l’incre´ment :
δx = x− xb (2.4)
On va alors chercher l’e´cart δx qui minimise la fonction couˆt J qui, dans le cas line´aire
peut se re´e´crire :
J(δx) =
1
2
(δx)TB−1(δx) +
1
2
(d−Hδx)TR−1(d−Hδx) (2.5)
ou` d = y−Hxb repre´sente la distance, dans l’espace des observations, entre les observations
et l’e´bauche. d est appele´ vecteur d’innovation ou misfit. Le gradient de la fonction couˆt
est alors calcule´ de la fac¸on suivante :
∇J(δx) = B−1(δx)−HTR−1(d−Hδx) (2.6)
La valeur analyse´e est alors calcule´e par la formule xa = xb+ δx. La me´thode du 3D-VAR
ne prend pas en compte la dimension temporelle afin de re´aliser l’analyse. Il s’agit donc
d’une limitation car elle ne peut pas prendre en compte la cohe´rence des observations qui
sont successivement assimile´es dans le temps.
2.2.2 Le 4D-VAR
La me´thode variationnelle du 4D-VAR (figure 2.7) correspond a` une extension temporelle
comple`te du 3D-VAR. Elle vise a` obtenir une trajectoire optimale sur une feneˆtre tempo-
relle [The´paut et Courtier, 1991]. Cette technique permet de prendre en compte l’ensemble
des observations au sein d’une feneˆtre temporelle. La minimisation de la fonction couˆt
permet d’optimiser l’e´cart entre la simulation et l’ensemble des observations de la feneˆtre
d’assimilation. La me´thode du 4D-VAR implique l’adjoint du mode`le line´aire-tangent M∗
pour prendre en compte la distribution temporelle des observations et propager l’infor-
mation apporte´e par les observations a` l’instant initial de la feneˆtre d’assimilation. Dans
la forme incre´mentale, l’ope´rateur d’observation et le mode`le sont e´galement line´arise´s au
premier ordre au voisinage de l’e´bauche :
xi ∼ xb +Mi,0δx (2.7)
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Figure 2.7 – Principe de la technique variationnelle du sche´ma 4D-VAR d’apre`s [Dajet,
2007].
Hx ∼ Hxb +HiMi,0δx (2.8)
Pour chaque observation yi, on calcule l’e´quivalent mode`le Mi,0 entre le temps 0 et le
temps i a` partir de l’e´bauche xb. Le vecteur d’innovation est alors e´gal a` :
di = HiMi,0xb − yi (2.9)
La fonction couˆt s’e´crit alors sous la forme incre´mentale :
J(δx) =
1
2
(δx)TB−1(δx) +
1
2
∑
i
(di −HiMi,0δx)TR−1i (di −HiMi,0δx) (2.10)
et son gradient :
∇J(δx) = B−1δx−∑
i
M∗i,0H
T
i R
−1
i (di −HiMi,0δx) (2.11)
Dans la me´thode incre´mentale du 4D-VAR, l’incre´ment est propage´ dans le temps avec
le mode`le line´aire-tangent. Le calcul du gradient ne´cessite l’inte´gration de l’adjoint du
mode`le line´aire-tangent sur toute la feneˆtre d’assimilation. A la fin de la minimisation,
l’incre´ment obtenu est ajoute´ a` l’e´bauche au de´but de la feneˆtre. Le mode`le est ensuite
inte´gre´ sur la feneˆtre d’assimilation, prenant comme e´tat initial l’e´bauche plus l’incre´ment,
pour obtenir la trajectoire analyse´e.
2.2.3 Le 3D-FGAT
A mi-chemin entre le 3D-VAR et le 4D-VAR, il est possible d’e´tablir une me´thode qui
prend en compte non pas une seule mesure a` l’instant t mais un ensemble de mesures
effectue´es dans une feneˆtre temporelle. Cette me´thode se nomme 3D-FGAT (First Guess
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Figure 2.8 – Re´partition des observations dans un 3D-FGAT d’apre`s [Dajet, 2007]
at Appropriate Time) car on y fait l’hypothe`se que l’incre´ment est constant sur toute la
feneˆtre d’assimilation [Fisher et Andersson, 2001]. Le 3D-FGAT calcule l’e´cart entre le
mode`le et les observations au temps des observations mais propose une correction valable
sur toute la feneˆtre d’assimilation contrairement au 4D-VAR qui utilise l’adjoint du mode`le
(figure 2.8).
L’ope´rateur d’observation Hi est line´arise´ au premier ordre au voisinage de l’e´bauche :
Hx ∼ Hxb +Hiδx (2.12)
La fonction couˆt prend alors en compte l’ensemble des vecteurs d’innovation aux diffe´rents
temps i, et peut alors s’e´crire de la fac¸on suivante en utilisant la formulation incre´mentale :
J(δx) =
1
2
(δx)TB−1(δx) +
1
2
∑
i
(di −Hiδx)TR−1i (di −Hiδx) (2.13)
Son gradient s’e´crit alors :
∇J(δx) = B−1δx−∑
i
H∗iR
−1
i (di −Hiδx) (2.14)
L’incre´ment obtenu lors de la minimisation est alors ajoute´ a` l’e´bauche, ge´ne´ralement
au de´but ou au milieu de la feneˆtre d’assimilation, puisqu’il est suppose´ constant sur la
feneˆtre. L’approximation faite dans le 3D-FGAT implique que le mode`le line´aire-tangent
vaut l’identite´. L’adjoint du mode`le line´aire-tangent n’intervient pas dans la minimisation,
bien que l’innovation soit toujours calcule´e avec le mode`le direct non-line´aire contraire-
ment au 4D-VAR, dont la formulation a e´te´ pre´sente´e dans la section pre´ce´dente. C’est
cette me´thode variationnelle qui est utilise´e dans ce travail de the`se.
2.2.4 MOCAGE-PALM
La technique d’assimilation utilise´e dans cette the`se est le 3D-FGAT qui est pilote´ par
le logiciel PALM (Projet d’Assimilation par Logiciel Multi-Me´thodes)[Buis et al., 2006].
PALM est un coupleur dynamique base´ sur un formalisme modulaire de´crivant l’algo-
rithme d’assimilation en terme de flux de donne´es entre des objets appele´s unite´s. Les
unite´s peuvent eˆtre inte´gre´es dans une chaˆıne appele´e branche. Dans le cas pre´sent, une
branche est consacre´e au mode`le et une deuxie`me branche est consacre´e au traitement des
observations. Chaque branche utilise un nombre ajustable de processeurs ce qui permet
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d’optimiser le fonctionnement paralle`le de l’application. MOCAGE-PALM est de´veloppe´
conjointement a` Me´te´o-France, au CERFACS et au Laboratoire d’Ae´rologie avec le soutien
d’Ether et du LEFE (projets ADOMOCA 1 et 2). Massart et al. [2005 2007] pre´sentent
de manie`re de´taille´e les e´le´ments de la me´thode du 3D-FGAT applique´e a` l’ozone stra-
tosphe´rique. MOCAGE-PALM a e´galement e´te´ utilise´ dans diffe´rentes e´tudes de l’at-
mosphe`re en relation avec le trou d’ozone du vortex polaire Arctique [El Amraoui et al.,
2008b], les e´changes entre tropiques et moyennes latitudes [Bencherif et al., 2007], les
e´changes entre stratosphe`re et troposphe`re [Semane et al., 2007], et les e´changes entre
le vortex polaire et les moyennes latitudes [El Amraoui et al., 2008b]. Deux e´tudes ont
e´galement e´te´ faites en utilisant l’ozone [Massart et al., 2009] et l’acide nitrique de IASI
[Ricaud et al., 2009]. Plus re´cemment, [El Amraoui et al., 2010], a permis de diagnostiquer
un e´change entre la stratosphe`re et le troposphe`re par assimilation de donne´es satellites
de CO dans la troposphe`re et de O3 mesure´ dans la stratosphe`re Cette e´tude a montre´
que l’assimilation de mesures satellites de CO et O3 permet de mieux repre´senter dans le
mode`le MOCAGE, un air pauvre en CO et riche en O3 descendant depuis la stratosphe`re.
Une partie du travail de cette the`se reprend les travaux de [El Amraoui et al., 2010] afin
de quantifier l’apport de l’assimlation de donne´es pour la caracte´risation de la couche de
transition entre la stratosphe`re et la troposphe`re extra-tropicale (ExTL : Extra-tropical
Transition Layer).
2.3 Les mesures chimiques assimile´es
Les diffe´rentes aspects environnementaux aborde´s dans le chapitre pre´ce´dent ont fait de
l’ozone, l’un des constituants atmosphe´riques les plus mesure´s. Dans ce travail de the`se
nous avons assimile´ des mesures satellite. Celles ci permettent d’obtenir une couverture
globale mais aussi un e´chantillonnage spatio-temporel tre`s important. Les principes de
mesure sont divers et il existe deux principales familles de vise´e pour des instruments a`
bord de satellites (figure 2.9) : les vise´es au nadir qui concernent toute vise´e d’instrument
atteignant la surface de la Terre, et les vise´es au limbe, pour lesquelles le cheminement
du rayonnement ne heurte pas la surface terrestre.
Les vise´es au nadir fournissent des renseignements sur les couches troposphe´riques, et
les vise´es au limbe sur les couches plus e´leve´es, de la haute troposphe`re a` la me´sosphe`re,
en passant par la stratosphe`re. De manie`re ge´ne´rale la vise´e au limbe donne une infor-
mation de´taille´ sur la verticale alors que l’e´chantillonnage horizontal est pauvre. Dans
la vise´e au limbe, 90% du signal provient de la couche a` hauteur tangente de la nor-
male terrestre (situe´e a` environ 300 km d’une plate forme orbitant a` 800 km d’altitude).
Pour acce´der a` une information discre`te sur la verticale, certains de´tecteurs doivent par
conse´quent balayer le limbe atmosphe´rique. La vise´e au nadir procure des mesures forte-
ment e´chantillonne´es sur l’horizontale alors que l’information verticale est limite´e (colonne
inte´gre´e sur la verticale). Un proce´dure de balayage sur la surface terrestre peut eˆtre ap-
plique´e afin d’e´largir le domaine horizontal de´tecte´ par l’instrument.
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Figure 2.9 – Vise´es au nadir et au limbe associe´es a` diverses me´thodes des mesures :
occultation, e´mission au limbe, re´tro-diffusion et diffusion au limbe (d’apre`s [Delmas et al.,
2005])
2.3.1 AURA/MLS
Le satellite AURA a pour mission d’e´tudier la qualite´ de l’air, l’ozone stratosphe´rique et
l’e´volution du climat. En orbite a` 705 km de la surface terrestre depuis le 15 Juillet 2004,
quatre instruments sont embarque´s a` bord de ce satellite dont le radiome`tre au limbe en
hyperfre´quence MLS (Microwave Limb Sounder). MLS mesure les radiances e´mises dans
le domaine des micro-ondes et fournit des profils verticaux des constituants chimiques
depuis la haute troposphe`re jusqu’a` la me´sosphe`re. L’ozone est restitue´ entre 13 et 70 km
avec une pre´cision de 5 a` 15 % avec une re´solution verticale de 2 a` 3 km [Waters et al.,
2006]. Les mesures d’ozone issues de MLS restituent environ 3500 profils par jour repartis
sur tout le globe.
2.3.2 MetOp-A/IASI
Le satellite MetOp-A, a e´te´ mis en orbite a` 800 km d’altitude le 19 octobre 2006. Il
embraque onze instruments de mesure dont le capteur IASI (Interfe´rome`tre atmosphe´rique
de sondage dans l’infrarouge). L’instrument IASI est un spectrome`tre a` transforme´e de
Fourrier ope´rationnel depuis Juin 2007 [Clerbaux et al., 2009]. IASI observe deux fois
par jour la totalite´ de l’atmosphe`re terrestre et fournit des profils de tempe´ratures et
d’humidite´ qui sont utilise´s par les centres de pre´visions me´te´orologiques et pour l’e´tude
du climat. Ses objectifs scientifiques sont e´galement de surveiller la re´partition de l’ozone
dans l’atmosphe`re et le taux des principaux gaz a` effet de serre : dioxyde de carbone et
me´thane. IASI balaye la surface terrestre sur une largeur de 2200 km avec des tailles de
pixel de 12 km ce qui le rend inte´ressant pour l’e´tude de phe´nome`nes qui se produisent
a` fine e´chelle horizontale. L’instrument IASI est capable de fournir des colonnes inte´gre´es
d’ozone entre 0 et 6 km avec une erreur comprise entre 10 et 20 % [Eremenko et al., 2008].
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Les mesures d’ozone issues de IASI peuvent restituer jusqu’a` 300000 colonnes par jour
sur tout le globe.
2.3.3 TERRA/MOPITT
L’instrument MOPITT (Measurement Of Pollution In The Troposphere) a` e´te´ lance´ sur
le satellite TERRA de la NASA en de´cembre 1999 [Drummond et Mand, 1996] et a` e´te´
ope´rationnel de`s mars 2000. MOPITT mesure au nadir le CO troposphe´rique [Deeter
et al., 2003 2007] depuis 2000 jusqu’a` nos jours. Il s’agit d’un radiome`tre a` corre´lation
de gaz qui mesure l’e´mission thermique et le rayonnement solaire re´fle´chi par la Terre.
Il fournit une couverture globale de la Terre en ∼3 jours avec une re´solution horizontale
de 22 km par 22 km. L’instrument MOPITT permet de restituer des profils de CO sur 7
niveaux de la surface jusqu’a` la basse stratosphe`re. L’erreur de mesure est d’environ 20%
dans les tropiques et aux moyennes latitudes, de 30 a` 40% dans les re´gions polaires.
2.4 Les conditions aux limites avec l’assimilation de
donne´es en domaine a` aire limite´e
Dans cette the`se nous avons utilise´ l’assimilation de donne´es sur un domaine imbrique´ a`
aire limite´e. Des de´veloppements spe´cifiques ont e´te´ effectue´s par le CERFACS pour inter-
facer directement l’un des sous-domaines a` aire limite´e de MOCAGE avec l’assimilation.
Cependant au de´but de la the`se, l’assimilation avait un effet direct que sur le domaine a`
aire limite´e ; seules les mesures comprises dans ce domaine e´taient assimile´es. Seulement
une faible part de la totalite´ des profils MLS sont pris en compte, soit moins de 4% de la
totalite´ des profils (figure 2.10).
Figure 2.10 – Localisation ge´ographique des profils MLS sur une journe´e (1er juillet
2009). Le points gris sont ceux qui sont en dehors du domaine a` aire limite´e, les points
rouges sont ceux qui sont compris dans le domaine a` aire limite´e.
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L’assimilation dans le sous domaine impacte indirectement le domaine global au tra-
vers du couplage remontant (le couplage est bidirectionnel dans MOCAGE : “two-ways
nesting”, voir partie 2.1.2) et ulte´rieurement, par le transport. Mais comme l’assimilation
n’est effectue´e que sur le domaine a` aire limite´e il se pose alors le proble`me des conditions
aux limites. C’est particulie`rement le cas en dans la stratosphe`re et la haute troposphe`re
ou` les vitesses horizontales sont e´leve´es. L’importance des conditions aux limites peut
eˆtre simplement mis en e´vidence par une se´rie d’expe´riences avec l’assimilation des profils
d’ozone MLS (figure 2.11) :
• une simulation ou` le mode`le n’est pas contraint par l’assimilation de donne´es (Run
1)
• une simulation ou` les profils d’ozone MLS sont assimile´s dans le domaine re´gional
seulement (Run 2)
• une simulation ou` les profils d’ozone MLS sont assimile´s dans le domaine re´gional
et ou` on force les conditions aux bords (toutes les 3 heures) par des champs d’ozone
assimile´s (profils MLS aussi) dans le domaine global (Run 3).
Figure 2.11 – Champs moyens de la colonne totale d’ozone (Unite´s Dobson) pour les
Run 1 (a), Run 2 (b) et Run 3 (c) au dessus de l’Europe entre le 10 Juillet 2009 et le 25
Juillet 2009.
En comparaison, on remarque que l’impact de l’assimilation des profils MLS stra-
tosphe´riques sur la colonne totale d’ozone diffe`re suivant la de´finition des conditions aux
bords. L’impact de l’assimilation de MLS sur les champs d’ozone est beaucoup moins
marque´e dans le Run 2 que dans le Run 3. Dans le cas du Run 2, les champs d’ozone
aux bords du domaine seront conditionne´s par les champs d’ozone du mode`le seul. On
comprend alors mieux le peu d’impact qu’a l’assimilation de donne´es pour le Run 2 en
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Figure 2.12 – Profil des diffe´rences relatives moyenne´es sur le domaine re´gional entre
Run1 et Run2 (bleu) et entre Run1 et Run3 (rouge). Un maximum de diffe´rence est
observe´ au niveau de l’UTLS entre 400 et 120 hPa.
comparaison du Run 3. En contraignant les condition aux bords avec des champs assi-
mile´s globaux, le domaine imbrique´ ne subira pas les effets du mode`le seul aux bords du
domaine. L’analyse des diffe´rences relatives entre les runs assimile´s et le run non assimile´
(voir figure 2.12) montre un maximum de diffe´rence relative au niveau de l’UTLS entre 400
et 120 hPa (figure 2.12). L’impact du Run3 est bien plus marque´ a` l’UTLS que celui du
Run2, montrant toute l’importance des conditions aux bords dans la mode´lisation a` aire
limite´e. Comme cela a` e´te´ de´crit dans la partie 2.1.5.3, les champs d’ozone dans la re´gion
de l’UTLS sont majoritairement pilote´s par la dynamique ; les temps de vie de l’ozone sont
longs et les vents horizontaux sont soumis aux courants jets de la haute troposphe`re. Un
impact troposphe´rique similaire peut aussi eˆtre note´, celui ci met en e´vidence les e´changes
entre la stratosphe`re et la troposphe`re. Ce point sera de´taille´ dans les chapitres 4 et 5.
Afin d’illustrer le couplage entre le domaine a` aire limite´e et le domaine global, nous avons
affiche´ les meˆmes cartes que pour la figure 2.4.
La figure 2.13 montre l’effet de l’assimilation des donne´es MLS dans le domaine im-
brique´ seulement (Run2). En comparaison de la figure 2.4 les champs d’ozone a` l’UTLS
sont augmente´s dans le domaine imbrique´. L’impact sur les champs d’ozone a` l’UTLS dans
le domaine global au niveau de l’he´misphe`re nord montre le couplage remontant. Au bout
d’un certain temps d’assimilation ce couplage remontant a un impact sur les conditions
aux bords du domaine imbrique´. Les champs d’ozone assimile´s ont e´te´ advecte´s d’ouest
en est pour finalement impacter les bords ouest du domaine imbrique´. En examinant les
champs d’ozone de la figure 2.14 , on se rend compte que l’impact de l’assimilation de
donne´es par le couplage remontant sur le domaine imbrique´ est ne´gligeable par rapport
a` l’impact de l’assimilation de donne´es sur le domaine global. A l’e´chelle globale aux
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Figure 2.13 – Champs d’ozone au niveau mode`le 25 (qui se situe entre 200 et 300 hPa)
pour le domaine global (haut) et le domaine imbrique´ (bas) le 17 juillet 2009 a` 15 :00
UT. Les champs d’ozone montrent l’expe´rience du Run2, ou` les donne´es MLS ont e´te´
assimile´es seulement dans le domaine imbrique´.
Mode´lisation de la chimie de atmosphere et assimilation de donne´es 51
Figure 2.14 – Champs d’ozone au niveau mode`le 25 (qui se situe entre 200 et 300 hPa)
pour le domaine global (haut) et le domaine imbrique´ (bas) le 17 juillet 2009 a` 15 :00
UT. Les champs d’ozone montrent l’expe´rience du Run3, ou` les donne´es MLS ont e´te´
assimile´es dans le domaine global et dans le domaine imbrique´.
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moyennes latitudes et aux latitudes polaires l’assimilation des profils d’ozone de MLS
augmente significativement les valeurs des champs d’ozone au niveau de l’UTLS. Cela
conduit a` l’augmentation des valeurs d’ozone dans les structures en filaments qui cor-
respondent aux de´ferlements des ondes de Rossby caracte´ristiques des e´changes entre la
stratosphe`re et la troposphe`re. Ces structures qui sont visibles a` la re´solution du domaine
global (2◦) sont finement repre´sente´s avec la re´solution du domaine imbrique´ (0.2◦). Les
conditions aux bords du domaine a` aire limite´e permet donc de fortement augmenter les
valeurs d’ozone dans les structures en filaments a` l’UTLS.
L’impact de l’assimilation de MLS sur les structures filamentaires et les e´changes
d’ozone entre la stratosphe`re et la troposphe`re fera l’objet du prochain chapitre.
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Chapitre 3
E´tude sur les e´changes d’ozone entre
la stratosphe`re et la troposphe`re a`
haute re´solution au dessus de
l’Europe.
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E´tude sur les e´changes d’ozone entre la stratosphe`re et la troposphe`re
a` haute re´solution au dessus de l’Europe.
Ce chapitre s’appuie sur l’article Barre´ et al. [2012a] publie´ dans la revue Atmospheric
Chemistry and Physics. Le texte et les figures sont exactement ceux qui ont e´te´ publie´s.
L’article est mis en page ici pour faciliter la lecture.
Un re´sume´ en franc¸ais est de´veloppe´ dans la section 3.1, ensuite l’article en anglais
est introduit dans la section 3.2. La section 3.3 pre´sente un travail comple´mentaire sur
l’estimation des flux d’ozone a` la tropopause. La section 3.4 pre´sente les conclusions et
perspectives de l’e´tude.
3.1 Re´sume´ long de l’article 1
Comme nous l’avons vu dans le chapitre 1, la stratosphe`re et la troposphe`re sont ca-
racte´rise´es par diffe´rentes proprie´te´s chimiques et dynamiques, avec de forts gradients de
vorticite´ potentielle (PV) et d’ozone au niveau de la tropopause [Holton et al., 1995]. Les
e´changes entre la stratosphe`re et la troposphe`re (STE) jouent un roˆle clef dans le controˆle
du budget d’ozone dans la haute troposphe`re / basse stratosphe`re (UTLS) qui a son tour
affecte le bilan radiatif de l’atmosphe`re [IPCC 1996]. La stratosphe`re est caracte´rise´e par
de fortes valeurs de PV et d’ozone et donc les intrusions d’air stratosphe´rique sont sup-
pose´s transporter de l’air riche en PV et en ozone dans la troposphe`re. Ces intrusions
forment des structures filamentaires a` me´so-e´chelle [Holton et al., 1995], qui apparaissent
comme des maxima tre`s localise´s dans les profils d’ozone. Les structures filamentaires
d’ozone et de PV ont e´te´s simule´s par le passe´ par Hauchecorne et al. [2002], Marchand
et al. [2003] et Tripathi et al. [2006] et montrent que des simulation a` haute re´solution
sont requises pour une e´tude de´taille´e des STE.
Dans la basse stratosphe`re, les champs de PV et d’ozone sont quasi-conservatifs dans
les e´chelles de temps synoptiques [Appenzeller et al., 1996]. De plus, Beekmann et al. [1994]
a` montre´ que les champs d’ozone et de PV sont fortement corre´le´s au niveau de l’UTLS. Il
est connu que les forts gradients d’ozone existant dans cette re´gion de l’atmosphe`re sont
mal repre´sente´s par la plupart des mode`les de chimie-transport (CTM) [Law et al., 2000].
Le sondeur MLS qui restitue des profils d’ozone entre 215 hPa and 0.46 hPa est capable de
de´tecter les intrusions d’air stratosphe´rique dans la troposphe`re. Cependant, a` cause du
faible e´chantillonnage horizontal de ces profils, MLS n’est pas capable de repre´senter la
variabilite´ synoptique au niveau de la tropopause. Pour reme´dier a` cela nous utilisons dans
cette e´tude l’assimilation des donne´es MLS dans le mode`le MOCAGE a` haute re´solution.
Pour illustrer l’impact de la re´solution sur la repre´sentation des STE nous avons fait varier
la re´solution horizontale du mode`le de 2◦ a` 0.2◦ au dessus de l’Europe. Nous avons focalise´
notre e´tude sur deux cas d’e´tude d’e´ve`nement STE (23 Juin 2009 et 17 Juillet 2009).
A haute re´solution les structures filamentaires d’air stratosphe´rique peuvent eˆtre repre´sente´s
par le mode`le alors qu’elles sont beaucoup moins e´videntes a` basse re´solution. Pour tes-
ter l’impact de l’assimilation de MLS et de l’augmentation de la re´solution, nous avons
compare´ les diffe´rentes sorties mode`les avec des donne´es inde´pendantes. L’assimilation
des donne´es MLS permet une bien meilleure repre´sentation des champs d’ozone a` l’UTLS
que le mode`le sans assimilation. En particulier, les analyses de MLS a` haute re´solution
pre´sentent des structures filamentaires d’ozone tre`s re´alistes ainsi que des maxima d’ozone
a` l’UTLS et dans la troposphe`re sur les profils d’ozone. Pour ve´rifier l’impact de l’assi-
E´tude sur les e´changes d’ozone entre la stratosphe`re et la troposphe`re
a` haute re´solution au dessus de l’Europe. 55
milation de MLS sur la troposphe`re nous avons simule´ des re´tro-panaches a` partir des
maxima d’ozone trouve´s en troposphe`re. L’expe´rience montre que ces maxima proviennent
de l’UTLS polaire. Nous avons aussi utilise´ les analyses MLS d’ozone a` haute re´solution
comme conditions initiales pour des expe´riences de pre´vision. Apre`s 2.5 jours de pre´vision
le profil troposphe´rique d’ozone reste quasiment inchange´ conservant les structures ver-
ticales d’ozone. Seulement apre`s 7 jours la diffe´rence entre la pre´vision et les analyses
MLS d’ozone devient significative (supe´rieure a` 5%). Cependant, l’assimilation de MLS
induit un biais positif en troposphe`re plus fort en basse re´solution qu’a haute re´solution.
La trop faible re´solution du mode`le n’arrive pas a` conserver les forts gradient d’ozone
qui existent a` l’UTLS. L’assimilation de MLS et la trop forte diffusion nume´rique ont
pour effet de biaiser positivement les champs d’ozone a` l’UTLS aux endroits ou` de forts
gradients doivent eˆtre repre´sente´s. Une partie de l’ozone a` l’UTLS est ensuite transporte´e
dans la troposphe`re. Ce transport “artificiel” au travers de la tropopause semble alors eˆtre
duˆ a` la re´solution. Pour cela nous avons ajoute´ une section en plus de l’article ou` nous
avons estime´ les flux d’ozone a` la tropopause pour des re´solutions horizontales variables.
L’assimilation augmente le flux net d’ozone de manie`re irre´gulie`re suivant les cas. L’aug-
mentation de la re´solution diminue le flux net d’un facteur assez constant (pour deux cas
d’e´tudes diffe´rents et avec ou sans assimilation) d’environ 70%.
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3.2 Article 1 - Stratosphere-troposphere ozone ex-
change from high resolution MLS ozone analyses.
Abstract
We assimilate stratospheric ozone profiles from MLS (Microwave Limb Sounder) into
the MOCAGE Chemistry Transport Model (CTM) to study Stratosphere-Troposphere Ex-
change (STE). This study uses two horizontal grid resolutions of 2◦ and 0.2◦. The com-
bined impacts of MLS ozone assimilation and high horizontal resolution are illustrated in
two case studies where STE events occurred (23 June 2009 and 17 July 2009). At high
resolution the filamentary structures of stratospheric air which characterise STE events
are captured by the model. To test the impact of the assimilation and the resolution,
we compare model outputs from different experiments (high resolution and low resolution ;
MLS assimilation run and free run) with independent data (MOZAIC aircraft ozone data ;
WOUDC ozone sonde network data). MLS ozone analyses show a better description of
the Upper Troposphere Lower Stratosphere (UTLS) region and the stratospheric intrusions
than the free model run. In particular, at high horizontal resolution the MLS ozone ana-
lyses present realistic filamentary ozone structures in the UTLS and laminae structures
in the ozone profile. Despite a low aspect ratio between horizontal resolution and vertical
resolution in the UTLS at high horizontal resolution, MLS ozone analyses improve the
vertical structures of the ozone fields. Results from backward trajectories and ozone fore-
casts show that assimilation at high horizontal resolution of MLS ozone profiles between
10 hPa and 215 hPa has an impact on tropospheric ozone.
3.2.1 Introduction
In the stratosphere, ozone (O3) is known to shield the surface from harmful ultraviolet
radiation. In the middle and high troposphere ozone is the third most important green-
house gas after carbon dioxide (CO2) and methane (CH4). Its forcing is equivalent to
about 24% of that from carbon dioxide [Ramaswamy et al., 2001]. The troposphere and
stratosphere are characterised by different dynamical and chemical properties, with strong
gradients of potential vorticity (PV) and ozone at the tropopause [Holton et al., 1995].
Stratosphere-troposphere exchange (STE) events play a key role in controlling the ozone
budget in the Upper Troposphere Lower Stratosphere (UTLS), which in turn affects the
radiation budget [IPCC 1996]. The stratosphere is characterised by high values of PV
and ozone concentrations, so intrusion of stratospheric air is expected to bring PV and
ozone rich air into the troposphere. These intrusions typically form filamentary structures
[Holton et al., 1995], which appear as laminae in the ozone profiles [Stohl et al., 2003]
and often exhibit mesoscale features. Filamentary structures of PV and ozone at lower
stratosphere have been simulated by Hauchecorne et al. [2002], Marchand et al. [2003]
and Tripathi et al. [2006] ; these papers show that high resolution simulations are needed
for detailed investigation of STE.
In the lower stratosphere, PV and ozone are nearly conserved on the synoptic time
scale [Appenzeller et al., 1996]. In addition, Beekmann et al. [1994] have shown that ozone
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fields and PV fields are strongly correlated in the UTLS layers of the atmosphere. Ozone
fields in the UTLS region have strong vertical gradients. The representation of these
gradients is a well-known limitation of most of the chemical transport models (CTM) as
described by Law et al. [2000]. Ozone measurements from the Microwave Limb Sounder
(MLS) instrument on-board the Aura satellite give global coverage, and are able to detect
stratospheric profiles between 215 hPa and 0.46 hPa. Comparisons of simulated ozone
fields with MLS ozone observations show good agreement in the UTLS spatial structure
[Leblanc et al., 2006] and suggest that stratospheric intrusions can be captured by MLS.
Due to the sparse horizontal sampling of these profiles, MLS ozone products are not able
to resolve synoptic-scale variability in the tropopause region. To address this issue we
use data assimilation which combines observational information with a priori information
from a model in an objective way [Kalnay, 2003]. Data assimilation of stratospheric ozone
profiles from satellite data has been used extensively to study the UTLS distribution of
ozone [Semane et al., 2007; El Amraoui et al., 2010; Wargan et al., 2010]. These studies
show that ozone analyses from assimilation of limb sounder ozone data can capture the
signature of stratospheric intrusions in a realistic way.
In this paper we use the MOCAGE-PALM system of Me´te´o-France to assimilate MLS
ozone data into the MOCAGE (MOde`le de Chimie Atmospherique a` Grande Echelle)
CTM [Peuch et al., 1999]. The aim is to have a better representation of the STE by
increasing the horizontal grid model resolution from 2◦ to 0.2◦. In addition, we improve
the representation of the STE by assimilating MLS ozone data. In order to investigate STE
in detail, two typical cases studies are presented and validated with independent aircraft
and balloon data. Finally, we show the impact of MLS analyses on tropospheric ozone
using backward trajectories and ozone forecasts. The outline of the paper is as follows :
Section 3.2.2 describes the MOCAGE CTM and the assimilation method. Section 3.2.3
presents the impact of MLS ozone assimilation on the MOCAGE model. In Section. 3.2.4,
results of two case studies of STE are presented. The validation with independent data is
discussed. Before concluding in Section. 3.2.6, we discuss in Section. 3.2.5 the impact of
model high resolution and MLS ozone assimilation on tropospheric ozone.
3.2.2 Methodology
3.2.2.1 CTM model
The MOCAGE model is a three-dimensional CTM for the troposphere and the stra-
tosphere [Peuch et al., 1999] which simulates the interactions between the physical and
chemical processes. It uses a semi-Lagrangian advection scheme [Josse et al., 2004] to
transport the chemical species. It has 47 hybrid levels from the surface to ∼5 hPa with
a vertical resolution of about 150m in the lower troposphere increasing to 800m in the
higher troposphere. Turbulent diffusion is calculated with the scheme of Louis [1979] and
convective processes with the scheme of Bechtold et al. [2001]. The chemical scheme used
in this study is RACMOBUS. It is a combination of the stratospheric scheme REPRO-
BUS [Lefe`vre et al., 1994] and the tropospheric scheme RACM [Stockwell et al., 1997].
It includes 119 individual species with 89 prognostic variables and 372 chemical reac-
tions. MOCAGE has the flexibility to be used for both stratospheric studies [El Amraoui
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et al., 2008a] and tropospheric studies [Dufour et al., 2005]. It is used in the operational
air quality monitoring system in France, Prev’air [Rouil et al., 2009], and in the pre-
operational GMES (Global Monitoring for Environment and Security) atmospheric core
service [Hollingsworth et al., 2008]. A detailed validation of the model has been done
using a large number of measurements during the Intercontinental Transport of Ozone
and Precursors (ICARTT/ITOP) campaign [Bousserez et al., 2007]. The meteorological
analyses of Me´te´o-France, ARPEGE [Courtier et al., 1991] are used to force the dyna-
mics of the model every 3 h. To force the model, ARPEGE analyses are interpolated onto
the MOCAGE grid. The resolution of ARPEGE analyses is T798 (i.e. resolution from
10.5 km over France to 60 km over the South Pacific). MOCAGE can be used in tracer
mode and to specify the temporal and geometrical characteristics of a tracer release. An
additional capability of MOCAGE is the calculation of backwards 3-D simulations, using
the MOCAGE adjoint.
In this study, we use 2 domains : a global domain at 2◦ (low horizontal resolution :
LR) and a regional nested domain at 0.2◦ (high horizontal resolution : HR) over Europe,
from 32◦N to 72◦N and from 16◦W to 36◦ E. Four modelling experiments are performed :
1. low resolution free model run,
2. low resolution MLS ozone analysis,
3. high resolution free model run,
4. high resolution MLS ozone analysis.
The forcing fields differ because of the interpolation from the ARPEGE fields. For
the low resolution the interpolation effect is important but for the high resolution the
interpolation effect should be negligible because the ARPEGE resolution over Europe is
in the range of the resolution of the MOCAGE model at the high resolution (around
10 - 20 km). Pisso et al. [2009] has shown that a vertical resolution of the order of
500 m and at least 40 km of horizontal resolution are needed to accurately simulate the
transport of pollutants (carbon monoxide for this case study) in the free troposphere.
Thus, the aspect ratio of the tracer between horizontal and vertical scales should be in
the order of 100. In this study the aspect ratio is about 25 and suggests that the vertical
resolution is underestimated compared to the horizontal resolution. However we show,
in the comparisons using independent data (sections 3.2.4.2 and 3.2.4.3), that our model
with this aspect ratio gives realistic results. The simulations in this paper cover the period
from 1 June 2009 to 1 September 2009. The assimilation experiment started on 1 June
2009. The initialisation field for this date has been obtained from a free model run started
from the April climatological initial field. We thus have a free model run spin-up of 2
month before the 1 June 2009.
3.2.2.2 Data assimilation system
The assimilation system used in this study is MOCAGE-PALM implemented within the
PALM framework [Buis et al., 2006]. The technique used is 3D-FGAT (First Guess at Ap-
propriate Time, Fisher et Andersson, 2001). This technique is a compromise between the
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3D-Var (3-D-variational) and the 4D-Var (4-D-variational) methods. 3D-FGAT provides
time information for a sequence of observations as in the 4D-Var technique. The advan-
tage of this technique is a lower numerical cost without the need to code a full adjoint
model as needed for the 4D-Var technique. The choice of this technique limits the size
of the assimilation window, since it has to be short enough compared to the chemistry
and transport timescales. It has been validated during the assimilation of ENVISAT data
project (ASSET, [Lahoz et al., 2007]) and has produced good quality results compared
to independent data and other assimilation systems [Geer et al., 2006]. MOCAGE-PALM
has been used to assess the quality of satellite ozone measurements [Massart et al., 2007].
Assimilation products have been used in many atmospheric studies in relation to ozone
loss in the Arctic vortex [El Amraoui et al., 2008a], tropics-mid-latitudes exchange [Ben-
cherif et al., 2007], STE [Semane et al., 2007], exchange between the polar vortex and
the mid-latitudes [El Amraoui et al., 2008b], and diagnosing STE from ozone and carbon
monoxide fields [El Amraoui et al., 2010].
3.2.2.3 Aura/MLS ozone observations
The Aura satellite was launched on 15 July 2004 and placed into a near-polar Earth orbit
at ∼705 km with an inclination of 98◦ and an ascending node at 13 :45UT. It makes about
14 orbits per day. The MLS instrument on-board Aura uses the microwave limb sounding
technique to measure chemical constituents and dynamical tracers between the upper
troposphere and the lower mesosphere [Waters et al., 2006]. It provides dense spatial co-
verage with 3500 profiles daily between 82◦N and 82◦ S. In this study we use the Version
2.2 of the MLS O3 dataset. It is a retrieval between 215 hPa and 0.46 hPa with a vertical
resolution of 3 km in the upper troposphere and the stratosphere. For ozone measurements
the along-track resolution is ∼200 km and the cross-track resolution is ∼6 km between 215
and 10 hPa. The estimated single profile precision in the extra-tropical UTLS region is of
the order of 0.04 ppmv (parts per million by volume) from 215 hPa to 100 hPa and bet-
ween 0.05 ppmv and 0.2 ppmv from 46 hPa to 10 hPa [Froidevaux et et al., 2000]. For the
assimilation experiments, MLS data are selected according to the precision and quality
flags recommended in the MLS Version 2.2 Level data quality and description document
(see http://mls.jpl.nasa.gov/data/v2-2_data_quality_document.pdf). The errors
for each profile are taken into account in the assimilation process through the error cova-
riance matrix of the observations. Only measurements made between 215 hPa and 10 hPa
are used during the assimilation experiment because of the limitation imposed by the
upper boundary (5 hPa) of the MOCAGE version used in this paper.
3.2.3 MLS assimilation
In this section, we show the impact of MLS ozone data assimilation on the MOCAGE
model. Assimilation increments, (i.e. the difference between the first guess fields and
the analysis, in the assimilation window time step) increase the ozone concentrations at
middle and polar latitudes in the lower stratosphere. Figure 3.1a shows mean increments
of MLS ozone assimilation for July 2009, zonally averaged over Europe as a percentage
of the ratio increments/free run for the HR runs. MLS ozone profiles are between 10 hPa
60
E´tude sur les e´changes d’ozone entre la stratosphe`re et la troposphe`re
a` haute re´solution au dessus de l’Europe.
and 215 hPa, thus the increment is only located at these levels. The largest increments
are located between 200 hPa and 300 hPa and 45◦N and 72◦N. Figure 3.1b also shows
relative difference in % between the free run field and the MLS ozone analysis field,
zonally averaged over Europe for July 2009 (i.e. ([free run]-[MLS analysis])/[free run]).
Comparison between the relative differences and the assimilation increments, shows major
differences to be located in the same region : between 200 hPa and 300 hPa and 45◦N and
70◦N. In figure 3.1, positive differences with values around 20% between 1000 hPa and
300 hPa and 40◦N and 72◦N which are visible in the relative differences do not occur in
the assimilation increments. This impact observed in the troposphere is the result of the
southward cross-tropopause advection of lower stratospheric air masses which have higher
ozone values owing to assimilation.
Figure 3.1 – (a) Zonal means of increments of MLS ozone analyses at high horizontal
resolution (0.2◦) in relative difference in % ; (b) Zonal means of the MLS ozone analysis
minus the associated equivalent MOCAGE free run at high horizontal resolution (0.2◦)
in relative difference in %. Zonal means are performed for the month of July 2009 over
Europe.
Figure 3.2 presents zonal means of ozone over the Northern Hemisphere for July 2009,
for the free model run (Figure 3.2a) and the MLS ozone analyses (Figure 3.2b) for LR
runs. Black lines delineate the potential temperature iso-lines, the white lines delineate
the 2PVU iso-lines (1PVU = 1 × 106Kkg−1m2 s−1). For the mid and polar latitudes,
stratospheric ozone rich air is located above 350K. In the stratosphere MLS ozone analy-
sis values are higher than the free run values for levels located between 330K and 370K.
Isentropic lines (i.e. potential temperature lines) between 320K and 340K cross the 2PVU
iso-lines (the 2-PVU isoline identifies the dynamical tropopause), and tilt downward bet-
ween 300 hPa and 600 hPa at mid-latitudes. The isentropic lines give an idea of the mean
isentropic transport during July 2009. In a general manner, most of the STEs are conside-
red as an irreversible isentropic event in the lowermost stratosphere, where the isentropes
cross the tropopause [Postel et Hitchman, 1999]. Subsequent southward cross-tropopause
advection of these increments during a STE event increases ozone concentrations in the
analyses at the location of the intrusion. This will be reflected in the case studies presen-
ted below, which show that the analyses have higher ozone values than the free model
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Figure 3.2 – Zonal means of ozone for the month of July 2009 in Northern Hemisphere
(low resolution runs 2◦). (a) MOCAGE free run, (b) MLS ozone analysis. Black lines are
the potential temperature, the white line represents the 2PVU iso-line (an estimate of
the tropopause height).
run at the location of the intrusion, whereas the PV patterns are unchanged. Within the
framework of assimilation in a CTM model, the ozone distribution in the stratosphere and
the troposphere is modified by the MLS ozone analyses, whereas dynamical information
shown here by the 2PVU iso-line is not.
3.2.4 Meteorological situation and ozone fields analysis
3.2.4.1 Filamentary processes
In this section we focus on 2 STE case studies of atmospheric features called streamers.
Streamers which can be identified as filamentary structures of stratospheric air in the
UTLS, have been characterised by Appenzeller et Davies [1992], and Appenzeller et al.
[1996] with the help of water vapour satellite measurements. These patterns of high PV
values (but also of high ozone values and low specific humidity), can stretch southward
in an irreversible way, with a length of 2000 km to 3000 km and a maximum width of
200 km. These streamers are a manifestation of Rossby wave breaking at mid latitudes
[Postel et Hitchman, 1999]. Streamers are considered as irreversible isentropic events (see
Sect. 3.2.3), and as a synoptic scale mass exchange mechanism between the stratosphere
and the troposphere. Sprenger et al. [2007] and Wernli et Sprenger [2007] showed a rela-
tionship between STE and PV streamers.
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Two types of streamers are defined [Thorncroft et al., 1993] : Type I has an anticyclonic
curve (linked to an anticyclone at its western edge) and can often break into a train of
eddies, i.e., a PV low height anomaly train [Browning, 1993]. These eddies roll up the
stratospheric air with the tropospheric air, which allows conditions for favourable mixing
by increasing the surface area between the two air masses. Type II has a North-South
orientation with a vortex at the southern tip [Appenzeller et al., 1996]. Note that, not all
STE is a result of irreversible isentropic events [Stohl et al., 2003].
3.2.4.2 Case 1 : stratospheric intrusion on 23 June 2009
Meteorological situation
In this section, we describe a stratospheric intrusion which took place on 23 June 2009
over Europe and lasted 4.5 days (from 20 June, 06 :00 UT, to 24 June, 18 :00 UT). Fi-
gure 3.3a shows the horizontal distribution of PV for a model level in the UTLS (left hand
side panels) and vertical cross-sections of the model (right hand side panels) during the
main phase of the intrusion (23 June 2009, 12 :00 UT) at two model resolutions (LR : 2◦,
HR : 0.2◦). White solid lines identify the 2PVU iso-line. Characteristic signatures of the
intruded air are high PV values. This pattern can be associated with the type I streamer
described above (see Sect. 3.2.4.1). It has an anticyclonic curve over the northern part of
the domain (Fig. 3.3b) and a NE-SW orientation from the North of the Baltic sea to the
centre of France. A train of eddies is visible at the South tip of the streamer. Figure 3.3a
shows a transitional period when both cyclonic and anticyclonic behaviour are evident
[Thorncroft et al., 1993]. On 23 June 2009 12 :00 UT at a resolution of 0.2◦ these eddies
are not clearly visible. At HR and LR, this case study show high PV values intruding
the troposphere. At upper tropospheric levels (200 hPa–300 hPa) PV values increase over
the longitude range 5◦ E–25◦ E due to the strong (Fig. 3.3b) PV anomaly occurring above
200 hPa. The vertical distribution shows high stratospheric PV values (>2PVU) below
300 hPa. At these pressure levels, rapid mixing by turbulence and convection may lead to
irreversible STE events [Gouget et al., 2000].
Comparison between the low resolution and the high resolution runs
In this section we compare the PV fields from the LR runs and HR runs. On horizon-
tal distributions, the HR allows an accurate representation of the streamers. Horizontal
gradients are increased with the HR whereas the LR gives a very smooth representation
of these streamers. The LR horizontal PV field shows high values (a PV anomaly) over
Italy and South-East of France which do not seem to be linked by a streamer to the polar
stratospheric air mass. The HR horizontal distributions of PV allow the representation
in the UTLS of the filamentary structures that characterise the streamers. Fine vertical
structures in the streamers are also captured in the HR run. We notice a vertical PV fila-
mentary structure occurring at HR to the west of the PV height anomaly described above
(5◦ E). At LR, these vertical structures are not captured. The increase in the horizontal
resolution provides a more detailed streamer structure in the horizontal and in the vertical.
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Figure 3.3 – Meteorological situation on 23 June 2009, 12 :00 UT from ARPEGE
analysis. (a) Potential vorticity fields, in potential vorticity units (1PVU = 1 × 106
Kkg−1m2 s−1) from low (2◦) horizontal resolution simulation (top) and high horizontal
resolution (0.2◦) simulation (bottom). Left hand side panels show longitude-latitude fields
for a given model level ; right hand side panels show longitude-pressure cross-sections. The
white dashed line associates the vertical and the horizontal distribution by showing the
same location between left hand side and right hand side panels. The white solid lines
identify the 2PVU contour. (b) Horizontal wind fields at LR near 300 hPa.
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Ozone analysis fields
Figure 3.4 shows horizontal distributions for a model level in the UTLS (left hand side
panels) and vertical cross-sections (right hand side panels) of ozone during the main phase
of the intrusion (23 June 2009, 12 :00 UT). Figure 3.4 compares the free model experiment
and the analyses from the assimilation experiment, at the two model resolutions described
in this paper (see Sect. 3.2.2.1). White solid lines identify the 2PVU iso-line. Ozone fields
and PV fields show similar patterns. These patterns are seen in the free run experiments
but ozone values are increased in the MLS assimilation runs. The horizontal distributions
of the MLS ozone analyses show higher ozone values than the free runs. Generally, the
vertical cross sections from MLS ozone analyses show the vertical ozone gradient displaced
downward in altitude where the STE takes place. The shape of the vertical ozone gradient
in MLS ozone analyses follows more closely the 2PVU iso-line. Qualitatively, MLS ozone
analyses bring to the model an added value to the ozone distribution at the UTLS layers.
MLS analyses also increase the ozone values below the 2PVU iso-line in the troposphere.
Regarding the improvement shown by the HR fields, we can conclude as for Sect. 3.2.4.2.
Filamentary structures which cannot be seen or are smoothed in the LR runs are repre-
sented accurately in the HR runs. In this case, the NE-SW ozone filament over northern
Europe is more clearly identified with sharper gradients and is identified by the 2 PVU
contour in the HR horizontal distribution. HR ozone vertical cross sections show a more
detailed vertical ozone structure than LR ozone vertical cross sections. For example, the
vertical ozone tropospheric patterns at 5◦ E between 300 and 500 hPa for the HR MLS
ozone analyses can be associated with the streamer structure.
To summarise, these filamentary structures of ozone visible at the HR runs are smoo-
thed or not well represented in the LR runs. MLS analyses increase the ozone values by
about 100 ppbv (parts per billion by volume) in the streamer structure in LR and HR.
Comparison with independent datasets
In this section a validation of MLS ozone analyses of this case study is performed using
the WOUDC (World Ozone and Ultraviolet Radiation Data Centre) ozone sondes and the
MOZAIC (Measurements of OZone, water vapour, carbon monoxide and nitrogen oxides
by in-service AIrbus airCraft) aircraft flights. The MOZAIC program measures ozone and
other species from commercial aircraft [Marenco et al., 1998]. Comparison of the first
two years of MOZAIC ozone data with ozone sonde network data showed good agreement
[Thouret et al., 1998]. The WOUDC is one of the five World Data Centres which are part of
the Global Atmosphere Watch (GAW) program of the World Meteorological Organization
(WMO).
In this case study two MOZAIC flights have been used : a flight on 23 June 2009 from
Frankfurt (50◦N, 8◦ E, Germany) at 08 :13 UT to Calgary (51◦N, 114◦W, Canada) and a
flight on 23 June 2009 from Frankfurt (50◦N, 8◦ E, Germany) at 13 :00 UT to Philadelphia
(39◦N, 75◦W, US). In Fig. 3.5a, the runs at HR (solid lines) agree better with MOZAIC
data (green line) than the LR runs (dashed lines). The two MOZAIC flight tracks cross
the filament near 5◦ E and 52◦N and identify a peak of ozone at this location. The use of
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Figure 3.4 – Ozone fields for 23 June 2009, 12 :00 UT, in ppbv (parts per billion by
volume) for various experiments : LRf : Low Resolution (2
◦) free run ; LRa : Low Reso-
lution (2◦) analyses ; HRf : High Resolution (0.2◦) free run and HRa : High Resolution
(0.2◦) analyses. Left hand side panels show longitude-latitude fields for a given model
level ; right hand side panels show longitude-pressure cross-sections. White dashed line
associate vertical and horizontal distribution by showing the same location between left
hand side and right hand side panels. The white solid lines identify the 2PVU contour.
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Figure 3.5 – Left hand side panel : ozone data from MOZAIC (green line), free MO-
CAGE run (blue lines) and analyses fields (red lines), in mPa (10−3 Pascals, right hand
side y-axis) ; flight level (black line), in hPa (102 Pascals, left hand side y-axis). Low
resolution (2◦) and high resolution (0.2◦) results are marked as dashed lines and solid
lines, respectively. Right hand side panel : flight tracks on 23 June 2009. Position 0 to
1000 : starting at Frankfurt (50◦N, 8◦ E, Germany, 08 :13 UT) to Calgary (51◦N, 114◦W,
Canada). Position 1000 to 1900 : starting at Frankfurt (50◦N, 8◦ E, Germany, 13 :00 UT)
to Philadelphia (39◦N, 75◦W, US).
HR improves considerably the ozone distribution. Peaks detected by the MOZAIC flights
are well represented by the HR runs. Where the analyses and free model run fields at HR
show the signature of the filament, the analyses are significantly closer to the MOZAIC
data. The measured peak maximum by MOZAIC flights is between 7mPa and 8mPa,
whereas LR free run, LR MLS analyses, HR free run and HR MLS analyses provides
ozone maxima of 3 mPa, 6 mPa, 5 mPa and 7.5 mPa, respectively. This comparison
shows that the MLS ozone analysed fields at HR can improve the representation of UTLS
ozone during a stratospheric intrusion event.
Unfortunately there are no WOUDC vertical records well co-located in space and time
with the stratospheric intrusion event. We thus compare our results with a sonde launched
at Legionowo (Poland : 52.4◦N, 21◦ E) at 11 :17 UT on 24 June 2009. In Fig. 3.6, the
ozone sonde measurements (green line) are compared with the LR free run (blue dashed
line), the LR MLS analyses (red dashed line), the HR free run (solid blue line) and the
HR MLS analyses (solid red line). These profiles show that between 100 hPa and 300 hPa
MLS ozone analyses are in better agreement with observations than the free run. In this
height range, the improvement of the HR MLS ozone analyses is characterised by a maxi-
mum closer to the observations than for the LR MLS ozone analyses. Compared to the
tropospheric ozone sonde values, MLS ozone analyses show no improvement but increase
the positive bias already seen in the free model runs. Between 400 hPa and 800 hPa free
model runs show a bias of around 1mPa and MLS analyses show a bias of around 2mPa.
3.2.4.3 Case 2 : stratospheric intrusion on 17 July 2009
Meteorological situation
This case describes a stratospheric intrusion which took place on 17 July 2009 over
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Figure 3.6 – Ozone profiles in mPa from a sonde over Legionowo (52.4◦N, 21.97◦ E,
Poland ; green line, launched at 11 :17 UT on 24 June 2009), from the free MOCAGE run
(blue lines) and from analyses (red lines). Low resolution (2◦) and high resolution (0.2◦)
results are represented by dashed and solid lines, respectively.
Europe and lasted 3.5 days (from 16 July, 06 :00 UT, to 19 July, 18 :00 UT). Figure 3.7b
shows the horizontal distribution for a model level in the UTLS (left hand side panels)
and the longitude-pressure cross-sections (right hand side panels) of PV during the main
phase of the intrusion (17 July 2009, 15 :00 UT) at the two model horizontal resolutions.
White solid lines identify the 2PVU iso-line. This pattern can be associated with a type
II streamer described above (see Sect. 3.2.4.1). The streamer has a more North-South
orientation than the previous case study (see Sect. 3.2.4.2), from the North of Ireland
to the South of France. At the South tip of the streamer, a vortex over France is visible
at HR. The vertical cross sections of PV fields (HR and LR), show a V-shaped deep in-
trusion. At upper tropospheric levels (200 hPa–300 hPa) PV values increase between the
longitude range 15◦W–8◦ E due to the strong cyclonic (Fig. 3.7a) PV anomaly occurring
above 200 hPa. The vertical distribution shows high stratospheric PV values (>2PVU)
below 300 hPa.
Comparison between the low resolution and the high resolution runs
In this section we compare the PV fields from the LR runs and HR runs. Horizontal
gradients are increased with the HR whereas the LR gives a very smooth representa-
tion of these streamers. The HR horizontal distributions of PV allow the representation
in the UTLS of the filamentary structures that characterise the streamers. Fine vertical
structures in the streamers are also captured in the HR runs. We notice a vertical PV
filamentary structure occurring at HR to the west of the PV height anomaly described
68
E´tude sur les e´changes d’ozone entre la stratosphe`re et la troposphe`re
a` haute re´solution au dessus de l’Europe.
Figure 3.7 – Meteorological situation on 17 July 2009, 15 :00 UT from ARPEGE analysis.
(a) Potential vorticity fields, in potential vorticity unit (1PVU = 1× 106 Kkg−1m2 s−1)
from low horizontal resolution (2◦) simulation (top) and high horizontal resolution (0.2◦)
simulation (bottom). Left hand side panels show longitude-latitude fields for a given model
level ; right hand side panels show longitude-pressure cross-sections. The white dashed
line associates the vertical and the horizontal distribution by showing the same location
between left hand side and right hand side panels. The white solid lines identify the 2PVU
contour. (b) Horizontal wind fields at LR near 300 hPa.
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in section 3.2.4.2 (5◦W). At LR, these vertical structures are also seen in this case study
but are less detailed. As described in Sect. 3.2.4.2 the increase of the horizontal resolution
provides a more detailed streamer structure in the horizontal but also in the vertical.
Ozone analysis fields
Figure 3.8 shows horizontal distributions for a model level in the UTLS (left hand
side panels) and vertical cross-sections (right hand side panels) of ozone during the main
phase of the intrusion (17 July 2009, 15 :00 UT). Figure 3.8 compares the free model
experiment and the analyses from the assimilation experiment, at two model resolutions
(see Sect. 3.2.2.1). White solid lines identify the 2PVU iso-line. Ozone fields and PV
fields show similar patterns. These ozone patterns are seen in the free run experiments
but ozone values are increased in the MLS assimilation runs. Generally, the ozone vertical
cross sections from MLS analyses show a vertical ozone gradient displaced downward in
altitude, where the STE takes place. The shape of the vertical ozone gradient in MLS
ozone analyses follows more closely the 2PVU iso-line.
Regarding the improvement shown by the HR fields, we can conclude as for Sect. 3.2.4.2
Filamentary structures not seen or smoothed in the LR runs are represented accurately
in the HR runs. The NE-SW ozone filament over the Mediterranean sea is only seen on
the HR horizontal distribution. This filament corresponds in the longitude-pressure cross
sections to the high volume mixing ratio (VMR) of ozone tropospheric patterns visible at
13◦ E and between 300 and 500 hPa for the HR MLS ozone analysis.
To summarise, these filamentary structures of ozone visible at the HR runs are smoo-
thed or not well represented in the LR runs. At HR, ozone filamentary patterns are more
marked in the MLS ozone analyses.
Comparison with independent datasets
In this section a validation of MLS ozone analyses during the two case studies is
performed using the WOUDC ozone sondes and the MOZAIC aircraft flights.
The MOZAIC ozone data used in this study comes from a flight on 17 July 2009
from Frankfurt (50◦N, 8◦ E, Germany) at 11 :57 UT to Atlanta (33◦N, 84◦W, US) and
left the regional domain at 14 :16 UT. In Fig. 3.9a, the ozone analyses (red lines) agree
better with MOZAIC data (green line) than the free model (blue lines). The MOZAIC
flight track crosses the intrusion between 3.5◦ E and 1.5◦W. MLS analysed fields show a
better agreement with MOZAIC data than the free model run fields. At the location of
the intrusion the MLS analyses are significantly closer to the MOZAIC data.
At 11 :00 UT on 17 July 2009, a MeteoSwiss ozone sonde was launched from Payerne
(Switzerland ; 46.5◦N, 6.6◦ E). In Fig. 3.10, the ozone sonde measurements (green line) are
compared with the four different experiments in this study. Figure 3.10 shows a maximum
located at 190 hPa in the UTLS. The analyses at high resolution are closer to the ozone
sonde data in terms of magnitude and variability with height providing the best match
with the ozone profile changes on the vertical. This maximum represents the east side
of the V-shaped intrusion identified on the left hand side panel of Fig. 3.8. HR analyses
improve the representation of this maximum. It has been shown that stratospheric intru-
70
E´tude sur les e´changes d’ozone entre la stratosphe`re et la troposphe`re
a` haute re´solution au dessus de l’Europe.
Figure 3.8 – Ozone fields for 17 July 2009, 15 :00 UT, in ppbv (parts per billion by
volume) for various experiments : LRf : Low Resolution (2
◦) free run ; LRa : Low Reso-
lution (2◦) analyses ; HRf : High Resolution (0.2◦) free run and HRa : High Resolution
(0.2◦) analyses. Left hand side panels show longitude-latitude fields for a given model
level ; right hand side panels show longitude-pressure cross-sections. White dashed line
associate vertical and horizontal distribution by showing the same location between left
hand side and right hand side panels. The white solid lines identify the 2PVU contour.
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Figure 3.9 – Left hand side panel : ozone data from MOZAIC (green line), free MOCAGE
run (blue lines) and analyses fields (red lines), units of mPa (right hand side y-axis) ;
flight level (black line), units of hPa (left hand side y-axis). Low resolution (2◦) and righ
resolution (0.2◦) results are marked as dashed lines and solid lines, respectively. Right
hand side panel : flight track on 17 july 2009. Position 0 to 1700 : starting at Frankfurt
(50◦N, 8◦ E, Germany, 11 :57 UT) to Atlanta (33◦N, 84◦, US).
sions typically form filamentary structures [Holton et al., 1995] in the free troposphere,
which appear as laminae [Stohl et al., 2003] in the ozone profile. A second maximum lo-
cated at 500 hPa is only represented by the MLS ozone analyses at HR and also detected
by the ozone sonde. This tropospheric ozone maximum shows the benefits of HR MLS
ozone analyses in the troposphere. Vertical structure is improved in the UTLS and in the
free troposphere appearing as laminae or as ozone maxima in the ozone profile (Figs. 3.6
and 3.10). Results indicate that the improvement in the representation of the UTLS and
free troposphere structures is owing to the use of assimilation and HR. A discussion of
the origin of the maximum of ozone in troposphere is detailed in section 3.2.5.1.
3.2.4.4 Impact in the troposphere
To describe in a complete way the phenomena taking place during the case studies we
need to refer to both the UTLS and the troposphere. Although there are no increments
below 250 hPa, the information from the increments above 250 hPa will be propagated
to the troposphere by the model. Therefore the increments can impact the ozone field
below 250 hPa. Between about 300 hPa and 800 hPa, in the free troposphere, the free
model run at HR is closer than HR MLS ozone analyses to the ozone sonde data in
terms of magnitude. In other words the MLS ozone analyses increase the positive bias
in the troposphere which already exists in the free runs. This suggest that too much
stratospheric ozone is advected through the tropopause. The high horizontal resolution
and vertical resolution used in this study are still too coarse to represent faithfully the
filamentary structures of ozone in the UTLS measured by MOZAIC aircraft and ozone
sondes. For example in case study 2 (Fig. 3.7), the observed filament is very thin and
horizontal ozone gradients in the neighbourhood are very strong. MLS ozone analyses with
0.2◦ (∼20 km) horizontal resolution and 800m vertical resolution have hourly temporal
resolution while the MOZAIC data has a sampling frequency of 4 s corresponding to
a distance of 1 km between each measurements. The MLS ozone analyses have a good
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Figure 3.10 – Ozone profiles, mPa, from a sonde over Payerne (46.5◦N, 6.6◦ E ; green
line, launched at 11 :00 UT on 17 July 2009), from the free MOCAGE run (blue lines)
and from analyses (red lines). Low resolution (2◦) and high resolution (0.2◦) results are
represented by dashed and solid lines, respectively.
estimation of the maximum values, but spatial gradients are smoothed due to the coarse
model resolution. Then MLS ozone analyses have a positive bias between 3 and 5 hPa
(see Figure 3.5) in the neighbourhood of the filaments. This means fine structures in the
ozone analyses contain too much ozone in the UTLS layers. In other words mixing ratios
at the dynamical tropopause (2 PVU for example) will be overestimated. This suggests
that MLS ozone analyses bring more ozone from stratosphere to troposphere than the free
run. This overestimation of ozone values is stronger at LR than at HR, due to the lower
resolution at LR. This also suggest that LR brings more ozone from the stratosphere to
the troposphere than HR.
3.2.5 Discussion
3.2.5.1 Backward trajectories : impact of high resolution
A good example of tropospheric impact is shown on figure 3.10 (see Sect. 3.2.4.3) where
a tropospheric ozone maximum structure was observed by the WOUDC profile and was
reasonably well represented by the HR MLS ozone analyses. To identify the origin of
the air mass where the tropospheric ozone maximum takes place, we use MOCAGE to
calculate backward trajectories for case study 2 (17 July 2009). The tracer was initialised
between 400 hPa and 600 hPa on 17 July 2009 at 11 :00 UT. The model is initialised for
the global domain (LR) and for the regional domain (HR). Note that the global domain
is used to constrain the regional domain. Lateral boundary conditions for the regional
domain come from the global domain. If tracers are advected out of the regional domain
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Figure 3.11 – Zonal means of a tracer initialised backward trajectories. (a) Low Resolu-
tion (LR 2◦), (b) High Resolution (HR 0.2◦). Tracer concentration values are arbitrary :
from 0 to a (the maximum value).
the tracer is then visible on the global domain. Figure 3.11 shows the zonal means of
tracer concentration in the Northern Hemisphere five and a half days before (12 July
00 :00UT) the initialisation. Differences are significant in the backward trajectories for
the two experiments. We observe a larger part of the tracers around the polar UTLS for
the HR run whereas it is less evident for the LR run where the larger part of the tracers
are located in the mid troposphere at middle latitudes. The LR run presents a part of
the tracers close to the surface around 42◦N. Different to the LR run, the HR run clearly
shows that the tropospheric maximum comes from a stratospheric intrusion that occurred
few days before at Northern latitudes. It is shown that the HR run is able to represent
tropospheric features coming from the lower stratosphere ; this is not the case for LR runs.
3.2.5.2 Ozone forecasts at high resolution : impact of MLS ozone analyses
To quantify the tropospheric impact of the MLS assimilation on the stratosphere, a fore-
cast of two weeks has been done. The initial state is the MLS ozone analyses on 15 July
2009 00 :00 UT and the forecast ends 14 days later on 29 July 2009 00 :00 UT. At first
we compare the forecast to the WOUDC profile at Payerne on 17 July 2009 11 :00 UT
(Fig. 3.12). Two and a half days after the start of the forecast, the maximum of ozone
in the UTLS decreases but the stratospheric and the free tropospheric profiles show no
significant changes. As already shown in Fig. 3.1 the largest impact of MLS is located
in the UTLS region. The transport of ozone from UTLS to the free troposphere takes a
few days. The advantage of MLS ozone analyses (e.g. revealing ozone features in the free
troposphere) can be used to forecast the free troposphere for about a week. Figure 3.13
shows the relative difference between forecasts and the MLS ozone analyses until the end
of July. The largest difference is located at the UTLS layers and increases with time. In
the first seven days of the forecast the difference in the free troposphere (below 300 hPa)
is very small, under 5%. By constraining ozone at the UTLS, tropospheric forecasts still
contain after 7 days a strong contribution from the MLS observations. By using MLS
ozone analyses at high resolution these tropospheric features (e.g. maxima of ozone in
tropospheric profiles) can be forecast for a week. Even if MLS ozone analyses are biased
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Figure 3.12 – Ozone profiles, mPa, from a sonde over Payerne (46.5◦N, 6.6◦ E ; green
line, launched at 11 :00 UT on 17 July 2009), from the free MOCAGE run (blue line),
from analyses (red line) and forecasted run initialised with MLS anlyses at 00 :00 UT on
15 July 2009 (orange line). All experiments are from High Resolution (0.2◦) runs.
in the free troposphere, this information on ozone features likely plays a non-negligible
effect in the the tropospheric ozone budget, which will be investigated in further studies.
Studying the tropospheric ozone budget is out of the scope of this paper.
3.2.6 Conclusions
In this paper we show the benefit of high horizontal resolution and MLS ozone assimilation
on STE events. We use assimilation of MLS ozone profiles to constrain the MOCAGE
CTM in the UTLS at middle and high latitudes. The study is conducted over Europe at
low horizontal resolution (2◦) and high horizontal resolution (0.2◦). The assimilation of
MLS ozone tends to increase the ozone concentration in UTLS levels in polar and middle
latitudes and we show the impact of this increase on the free troposphere. It is shown
that the assimilation increments, advected through the tropopause, also affect significantly
the free troposphere. The added value of MLS ozone assimilation and its impact on the
troposphere are illustrated using two case studies.
These case studies (23 June 2009 and 17 July 2009) which both show a stratospheric
intrusion, are detailed in the paper. The combination of high horizontal resolution and
MLS ozone assimilation allows more realistic of UTLS ozone fields. High resolution runs
are able to represent very thin filamentary structures of potential vorticity and ozone
which characterise a STE. These structures of ozone are described more realistically in
the MLS ozone analyses. The fidelity of the ozone analyses is assessed by comparison
against independent measurements from MOZAIC aircraft and WOUDC ozone sondes. In
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Figure 3.13 – Hovmuller diagram of the profile : (Forecast-MLS ozone analyses) in %,
averaged between 44◦N–48◦N and 5◦W–9◦W (Switzerland). Forecast is initialised from
MLS ozone analyses on 15 July 2009 00 :00 UT.
both cases, comparison with MOZAIC flight data shows that the ozone analyses at the two
resolutions provide a better description of the UTLS and the stratospheric intrusions, than
the free model run. In particular, at high horizontal resolution the UTLS shows fine ozone
structures. In addition, the comparison with ozone sonde measurements shows that the
high horizontal resolution improves the representation of the UTLS. Despite a low aspect
ratio (i.e. a low vertical resolution) in the UTLS at high horizontal resolution, MLS ozone
analyses improve the vertical structures of the ozone fields (e.g. have stronger gradients).
The transport at high resolution in the free troposphere reveals a realistic maximum of
tropospheric ozone at 500 hPa (17 July 2009 case) not seen in the low resolution case.
However, we found a bias in the free troposphere between the ozone analysis and the
in-situ data at the resolutions used. This is likely due to a too coarse model resolution in
comparison to the MOZAIC data resolution. The model is unable to represent the strong
gradients shown in MOZAIC data. This affects significantly the UTLS by increasing the
concentration of ozone transported into the free troposphere, and could explain the bias.
It has been shown that vertical structures in tropospheric ozone profiles appearing
as laminae in high horizontal resolution MLS ozone analyses come from the UTLS at
high latitudes. By using backward trajectories, we show that these structures, which only
appear at high resolution come from the UTLS region at high latitudes. In addition, we
use MLS ozone analyses at high horizontal resolution to forecast the tropospheric ozone
features. After 2.5 days the forecast vertical tropospheric profile is very close to the MLS
ozone analysis which has a better representation of tropospheric ozone laminae structures
than the free run. After 7 days the difference between forecast and MLS ozone analyses
in the troposphere becomes significant (greater than 5%). This confirms that improving
the ozone in the UTLS region using MLS ozone data, improves the ozone distribution in
the free troposphere revealing realistic ozone maxima in the ozone profile.
To improve the variability on tropospheric ozone and also to improve the absolute
value of tropospheric ozone, we propose in a further study to extend the geometry of the
observations assimilated by combining stratospheric limb observations with tropospheric
column nadir observations.
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3.3 E´tude sur l’estimation des flux d’ozone a` la tro-
popause
Cette e´tude est comple´te´e par l’estimation des flux nets d’ozone (i.e. les flux sortant de la
troposphe`re moins les flux entrants dans la troposphe`re) a` la tropopause pour les diffe´rents
cas d’e´tude pre´sente´s dans l’article. Le calcul du flux net d’ozone permet de quantifier
l’importance des e´ve´nements STE suivant le changement de re´solution du mode`le. Il y
a plusieurs manie`res d’estimer le flux d’ozone a` travers la tropopause. Par exemple par
corre´lation des concentrations des gaz traces au niveau de l’UTLS entre N2O et O3 [Mur-
phy et Fahey, 1994] ou encore entre des colonnes d’ozone et la vorticite´ potentielle [Olsen
et al., 2002 2003], ces me´thodes permettent une estimation du flux net a` l’e´chelle glo-
bale. D’autre me´thodes plus pre´cises telles que l’advection de contour [Jing et al., 2004]
permettent une estimation plus locale du flux net mais ne prennent pas en compte les
processus chimiques. Dans cette e´tude, nous avons choisi d’appliquer la formule de Wei
[1987] pour calculer le flux net d’ozone en utilisant les sorties du mode`le MOCAGE pour
les diffe´rentes expe´riences pre´sente´es dans l’article. Cette me´thode a de´ja` e´te´ utilise´e par
Clark et al. [2007] en assimilant les donne´es MOZAIC dans MOCAGE a` l’e´chelle globale
et a` basse re´solution horizontale (2◦). Cette me´thode requiert simplement l’information
dynamique et les concentration d’ozone provenant du mode`le. Elle est aussi bien adapte´e
pour comparer l’effet de l’assimilation d’ozone car les parame`tres dynamique ne changent
pas. On peut donc observer l’effet du changement des distributions d’ozone par l’assimi-
lation de donne´es.
La formule peut eˆtre e´crite en coordonne´es verticale de pression comme suit :
Fp(O3) = −g−1 · [O3]
(
ω − ∂ptrop
∂t
− Vh · ∇trop · ptrop
)
(3.1)
avec g l’acce´le´ration de la pesanteur, [O3] le rapport de me´lange d’ozone au niveau de
la tropopause, ω = dp/dt le vent vertical en coordonne´es pression, ptrop la hauteur de
la tropopause en coordonne´es pression et Vh le vent horizontal au niveau de la tropo-
pause. Les informations dynamique et chimique sont fournies par les mode`les ARPEGE
et MOCAGE, respectivement.
Wirth et Egger [1999] ont discute´ certaines limites de la formulation de Wei [1987] en
utilisant cinq diffe´rentes me´thodes pour diagnostiquer les flux de masse d’air a` travers la
tropopause. Trois de ces me´thodes sont base´es sur l’e´quation de Wei utilisant pression,
tempe´rature potentielle ou encore vorticite´ potentielle comme coordonne´e verticale. Il a
e´te´ montre´ que l’e´quation de Wei qui utilise la vorticite´ potentielle comme coordonne´e
verticale pre´sente les re´sultats les plus fiables. L’e´quation de Wei dans cette forme re-
quiert la connaissance du chauffage diabatique et du forc¸age dynamique non-conservatif
(comme utilise´ par Wirth et Egger [1999]), ou alors l’utilisation lagrangienne de l’advec-
tion de particules pour connaˆıtre DPV/Dt (comme utilise´ par Sigmond et al. [2000] et
Luk’yanov et al. [2009]). Dans notre configuration du mode`le ces informations ne sont pas
disponibles directement et doivent eˆtre diagnostique´es (ce qui induit une source d’erreur
supple´mentaire). Aussi, Wei [1995] sugge`re que le calcul du flux net au niveau de la tro-
popause doit eˆtre inde´pendant du choix de la coordonne´e verticale. Dans cette e´tude nous
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Figure 3.14 – Diagramme sche´matique illustrant la me´thode pour de´finir la tropopause
(trait plein) dans le cas de multiples tropopauses (pointille´s) sur la verticale. Cette condi-
tion tronque les foliations de tropopause a` leur origine (d’apre`s Wei [1987]).
ne prenons en compte que le flux net d’ozone.
Pour le calcul du flux net d’ozone en utilisant l’e´quation de Wei en coordonne´es pres-
sion, nous avons besoin de de´terminer la hauteur de la tropopause dynamique et sa va-
riation dans le temps et l’espace. Nous avons effectue´ une e´tude de sensibilite´ du flux par
rapport a` la hauteur de la tropopause en utilisant des valeurs de PV variant de 1.5PVU
a` 2.5PVU. La tropopause dynamique est ge´ne´ralement trouve´e dans la litte´rature entre
1.6PVU [World Meteorological Organization, 1986] et 3.5 PVU [Hoerling et al., 1991].
Pour une localisation donne´e, le phe´nome`ne de repliement de la tropopause sur elle meˆme
peut donner lieu a` de multiples tropopauses sur la verticale. Dans cette e´tude, nous avons
de´fini la tropopause comme la plus haute altitude ou` le crite`re (e.g. 2 PVU) est rencontre´.
Cette condition tronque les foliations de tropopause (ou les replis de la tropopause) a`
leur origine. Par conse´quent, toute masse d’air stratosphe´rique qui entrerait dans un
repli de tropopause est conside´re´ comme irre´versiblement transfe´re´ en troposphe`re. La
de´termination de la hauteur de la tropopause pour chaque maille du mode`le permet de
calculer la surface de latropopause, et ensuite d’estimer les flux d’ozone a` travers cette
surface.
Pour e´tudier comment les flux a` la tropopause re´agissent au changement de re´solution
horizontale et a` l’assimilation de donne´es, le flux net d’ozone est calcule´ avec les expe´riences
suivantes : LR free run, LR MLS analyses, HR free run et HR MLS analyses. Le pas de
temps utilise´ ici est de 3 h pour effectuer le calcul de flux sur une pe´riode de 4.5 jours
(20-24 Juin 2009) pour une aire comprise entre 32◦N–60◦N et 0◦W–27◦ E (1×106 km2)
pour le premier cas d’e´tude (voir partie 3.2.4.2) et sur une pe´riode de 3.5 jours (16-19
Juillet 2009) pour une aire comprise entre 5◦N–65◦N et 16◦W–29◦ E (1.6×106 km2) pour
le second cas d’e´tude. Parce que cette e´tude s’inte´resse a` des e´ve`nement STE singuliers,
le choix de la pe´riode et de la zone est de´finie par chaque e´ve`nement.
La figure 3.15 pre´sente les valeurs de flux net d’ozone moyenne´es dans le temps et
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Figure 3.15 – Flux net d’ozone (kgm−2 s−1) entre 1.5 PVU et 2.5PVU a` partir de MO-
CAGE sans assimilation (bleu) et des analyses MLS (rouge). La basse re´solution (2◦) et
la haute re´solution (0.2◦) sont repre´sente´es par les lignes en tirets et pleines, respective-
ment. A gauche, Cas d’e´tude 1 : les flux sont estime´s du 20 Juin 2009, 06 :00 UT au
24 Juin 2009, 18 :00 UT. A droite, Cas d’e´tude 2 : les flux sont estime´s du 16 Juillet 2009,
06 :00 UT au 19 Juillet 2009, 18 :00 UT. Les barre d’erreur repre´sentent la de´viation
standard divise´e par la racine carre´e du nombre de points de grille. Cela donne la limite
infe´rieure de l’estimation de l’erreur car on ne tient pas compte de la corre´lation entre les
points de grille.
l’espace pour les pe´riode et les aires de´finies plus haut, pour une surface de tropopause iso-
PV variant entre 1.5 et 2.5 PVU. Pour chaque expe´rience, les re´sultats montrent les meˆmes
ordres de grandeur pour une surface variant suivant les valeurs de PV. Le flux net d’ozone
est modifie´ par l’assimilation de MLS et l’augmentation de la re´solution horizontale. Les
flux net a` basse re´solution montrent des valeurs allant de 0.5 a` 2.0× 10−10 kgm−2 s−1 alors
que les flux a` haute re´solution sont compris entre 0.2 et 0.5× 10−10 kgm−2 s−1. Aussi, afin
de s’assurer que la contribution des incre´ments d’assimilation sur l’estimation du flux
net d’ozone est ne´gligeable, nous avons applique´ la formule de Wei sur les incre´ments
d’ozone. Nous avons obtenus le “flux net d’incre´ments d’ozone” que nous avons compare´
au “flux net d’ozone“. Nous avons trouve´ qu’en moyenne la contribution des incre´ments
d’assimilation d’ozone est de l’ordre de 0.1-0.3%, c’est a` dire ne´gligeable.
Nous avons ensuite calcule´ les diffe´rences relatives moyennes entre les runs sans assi-
milation et les runs avec assimilation aux diffe´rentes re´solutions (Tableau 3.1). La haute
re´solution tend a` diminuer le flux d’ozone alors que l’assimilation de MLS tend a` l’aug-
menter. L’assimilation de MLS a` basse re´solution augmente le flux de 86% pour le cas
d’e´tude 1 et de 109% dans le cas d’e´tude 2. L’assimilation de MLS a` haute re´solution
augmente le flux de 30% pour le cas d’e´tude 1 et de 56% dans le cas d’e´tude 2. L’im-
pact de l’assimilation de MLS a donc plus d’impact dans le cas d’e´tude 1 que dans le cas
d’e´tude 2. Cela s’explique par une plus forte augmentation par l’assimilation de MLS des
valeurs d’ozone dans les structures filamentaires dans le cas d’e´tude 1 (voir figure 3.4 et
3.8). Le flux est alors augmente´ de manie`re plus significative dans le cas d’e´tude 2. Dans
la partie 3.2.4.4, nous avons montre´ que MOCAGE rencontre des difficulte´s a` repre´senter
les forts gradients d’ozone. La faible re´solution verticale et la faible re´solution horizontale
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sont responsable des ces structures d’ozone trop lisses et de trop faibles maxima d’ozone a`
l’UTLS. L’assimilation de MLS permet d’augmenter ces maxima d’ozone vers des valeurs
plus re´alistes mais les gradients d’ozone demeurent toujours trop lisses, ce qui me`ne a`
une surestimation des champs d’ozone autour de ces maxima d’ozone. Nous avons aussi
montre´ que cet effet est d’autant plus marque´ que la re´solution est basse. La surestimation
de l’ozone a` l’UTLS par l’assimilation de MLS est donc plus forte a` basse re´solution qu’a
haute re´solution. On comprend alors mieux pourquoi l’assimilation de MLS augmente plus
fortement les flux d’ozone a` basse re´solution qu’a haute re´solution. Si on compare les flux
pour les runs sans assimilation a` basse et a` haute re´solution, la haute re´solution diminue
le flux de manie`re similaire entre les deux cas d’e´tude (63% et 68% pour les cas d’e´tude
1 et 2, respectivement). Si on compare les flux pour l’assimilation de MLS a` basse et a`
haute re´solution, la haute re´solution diminue le flux de manie`re similaire entre les deux
cas d’e´tude (74% et 76% pour les cas d’e´tude 1 et 2, respectivement). L’augmentation
de la re´solution horizontale de 2◦ a` 0.2◦ diminue les valeurs de flux net d’ozone du meˆme
ordre de grandeur entre les deux cas d’e´tude.
Table 3.1 – Diffe´rences entre les flux net d’ozone moyens en valeur absolues calcule´s
dans l’intervalle 2.5 PVU - 1.5PVU. LRa : Assimilation de MLS a` basse re´solution, HRa :
Assimilation de MLS a` haute re´solution, LRf : Free run a` basse re´solution, HRf : Free run
a` haute re´solution.
Case 1 Case 2
(LRa-LRf)/LRf 86% 109%
(HRa-HRf)/HRf 30% 56%
(HRf-LRf)/LRf −63% −68%
(HRa-LRa)/LRa −74% −76%
Taille du domaine 1×106 km2 1.6×106 km2
Dure´e 4.5 jours 3.5 jours
Depuis les 20 dernie`res anne´es, plusieurs e´tudes, utilisant des domaines ge´ographiques
diffe´rents, des dure´es d’e´tudes diffe´rentes et des re´solutions horizontales diffe´rentes, ont
estime´ les flux d’ozone pour des e´ve`nements STE. Par exemple, Bu¨ker et al. [2005], Hitch-
man et al. [2003] et Lamarque et Hess [1994] ont travaille´ sur des e´ve`nements STE, a`
des latitudes similaires en utilisant des mode`les disposant d’une re´solution horizontale
de l’ordre de 1◦ et ont estime´ des flux de 2.05× 10−10 kgm−2 s−1 (taille du domaine :
9× 106 km2, dure´e : 2.5 jours), 3.24× 10−10 kgm−2 s−1 (taille du domaine : 2.5× 107 km2,
dure´e : 1 jour), 1.06× 10−10 kgm−2 s−1 (taille du domaine : 3× 106 km2, dure´e : 3 jours),
respectivement. Luk’yanov et al. [2009] a utilise´ la me´thode de [Wei, 1987] sur une grille
horizontale de 0.25◦ et a` estime´ un flux net d’ozone de 0.94× 10−10 kgm−2 s−1 (taille du
domaine : 1.6× 106 km2, dure´e : 1 jours). Ces dernie`res estimations sont du meˆme ordre
de grandeur que les valeurs trouve´es par Ancellet et al. [1991] qui a utilise´ des mesures
LIDAR (0.61× 10−10 kgm−2 s−1, dure´e : 2.5 jours). Ces pre´ce´dentes e´tudes diffe`rent de la
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pre´sente e´tude sur beaucoup de points : taille du domaine, localisation, dure´e, me´thode
de calcul, re´solution mode`le, pe´riode de l’anne´e, etc. Tous ces parame`tres ont une in-
fluence sur l’estimation du flux et les comparaisons entre ces e´tudes doivent eˆtre faite
avec prudence.
Cependant dans cette e´tude, les flux a` basse re´solution sont compris entre 0.5 et
2.0× 10−10 kgm−2 s−1. Ces valeurs sont de l’ordre de grandeur des e´tudes pre´ce´dentes
qui ont une re´solution horizontale similaire a` 2◦ [Bu¨ker et al., 2005; Hitchman et al.,
2003; Lamarque et Hess, 1994]. Les flux a` haute re´solution sont compris entre 0.2 et
0.5× 10−10 kgm−2 s−1 ce qui est de l’ordre de grandeur des valeurs trouve´es par Luk’yanov
et al. [2009], qui utilise une re´solution similaire a` 0.2◦ (0.25◦), et Ancellet et al. [1991] qui
sont des estimation provenant de mesures LIDAR.
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3.4 Conclusions et perspectives
Dans ce chapitre, nous avons montre´ l’inte´reˆt de l’assimilation des donne´es d’ozone issues
d’un sondeur au limbe tel que MLS. L’inte´reˆt de l’e´tude s’est porte´ sur l’UTLS et l’impact
de l’assimilation de profils stratosphe´riques sur la troposphe`re. Les re´sultats ont montre´
que l’assimilation de MLS permet de mieux repre´senter les structures filamentaires d’ozone
a` l’UTLS caracte´ristiques des e´changes STE. Cela permet aussi de mettre en e´vidence
une faiblesse du mode`le qui est de sous estimer les valeurs des champs d’ozone dans la
basse stratosphe`re polaire d’e´te´. Une piste de recherche serait d’e´valuer la dynamique
stratosphe´rique fournie par les analyses ARPEGE, et plus particulie`rement la circulation
de Brewer-Dobson dont la faiblesse pourrait eˆtre la cause de la sous estimation d’ozone en
basse stratosphe`re polaire par le mode`le MOCAGE. Aussi, le niveau supe´rieur du mode`le
culmine a` 14 hPa ce qui correspond environ a` un peu plus d’une trentaine de kilome`tres.
Or la stratopause se situe aux alentours de 50 km d’altitude. Cette repre´sentation partielle
de la stratosphe`re par MOCAGE peut aussi eˆtre la cause de la mauvaise estimation de la
circulation de Brewer-Dobson. Le sche´ma d’advection peut aussi potentiellement eˆtre en
cause ainsi que le manque de re´solution horizontale et verticale.
En augmentant les concentrations d’ozone dans les structures filamentaires a` l’UTLS,
la structure verticale des champs d’ozone se voit ame´liore´e (plus re´aliste en comparaison
aux observations inde´pendantes) mais un biais troposphe´rique apparaˆıt. Ce biais traduit
un manque de re´solution verticale et horizontale au niveau de l’UTLS. Avec l’augmen-
tation de la puissance de calcul pre´vue au cours des prochaines anne´es, de possibles
ame´liorations mode`les sont alors envisageables. Enfin pour reme´dier a` ce bais positif en
troposphe`re nous avons envisage´ d’assimiler conjointement un sondeur stratosphe´rique au
limbe avec des colonnes d’ozone troposphe´riques au nadir. Cela fera l’objet du prochain
chapitre.
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Ce chapitre s’appuie sur l’article Barre´ et al. [2012b] soumis dans la revue Quarterly
Journal of the Royal Meteorological Society (Annexe B).
La section 4.1 est un re´sume´ en franc¸ais de l’article en anglais en section 4.2. La section
4.3 pre´sente les conclusions et perspectives de l’e´tude.
4.1 Re´sume´ long de l’article 2
De nombreux instruments a` bord de satellites sont conc¸us pour mesurer la distribution
globale de l’ozone atmosphe´rique. Comme il a` e´te´ pre´cise´ dans le chapitre 2, les observa-
tions satellites de l’atmosphe`re peuvent eˆtres divise´es en deux cate´gories selon leur vise´e :
les sondeurs au limbe et les sondeurs au nadir. Les sondeurs au limbe peuvent fournir des
profils d’ozone de la me´sosphe`re, la stratosphe`re et aussi de la haute troposphe`re en visant
de manie`re tangente a` la surface terrestre diffe´rentes couches de l’atmosphe`re terrestre.
Dans ce type de mesure, l’e´chantillonnage horizontal est faible mais l’information sur la
verticale est de´taille´e. Par exemple, les sondeurs MLS (Mcrowave Limb Sounder) a` bord
du satellite Aura et MIPAS (Michelson Interferometer for Passive Atmospheric Sounding)
a` bord du satellite Envisat fournissent des profils d’ozone qui s’e´tendent de la me´sosphe`re
a` la haute troposphe`re avec une re´solution verticale de quelques kilome`tres (entre 1.5
km et 4 km). Les sondeurs au nadir on une vise´e verticale (dirige´e de l’orbite vers la
surface). Des quantite´s inte´gre´s sur la verticale (colonnes totales et colonnes partielles)
sont restitue´es par ce type de mesure. Les sondeurs au nadir affichent ge´ne´ralement un
e´chantillonnage horizontal tre`s de´taille´ alors que l’information sur la verticale est pauvre.
Par exemple l’instrument OMI (Ozone Monitoring Instrument) a` bord du satellite Aura
et l’instrument IASI (Infrared Atmospheric Sounding Interferometer) a` bord du satellite
MetOp-A restituent journalie`rement des quantite´s inte´gre´s d’ozone avec une re´solution
horizontale de l’ordre de 25 km × 25 km. Les avantages et les inconve´nients de ces deux
types de mesures d’ozone (limbe et nadir) peuvent eˆtre combine´es pour avoir une estima-
tion optimale des champs d’ozone dans la moyenne et la basse atmosphe`re. L’assimilation
de donne´es en utilisant l’information a` priori d’un mode`le permet de manie`re objective
de combiner des jeux de donne´es he´te´roge`nes.
Un certain nombre d’e´tudes ont re´alise´ des expe´riences d’assimilation de donne´es en
utilisant des profils d’ozone stratosphe´riques issues de mesures au limbe et des colonnes
totales d’ozone issues de mesures au nadir. Struthers et al. [2002] a` utilise´ les profils MLS
d’ozone et les colonnes totales GOME (Global Ozone Monitoring Experiment) dans la
meˆme expe´rience d’assimilation avec un mode`le utilisant un sche´ma line´aire d’ozone. Il a`
e´te´ montre´ que la combinaison des observation issues de MLS et de GOME par la technique
d’assimilation de donne´es permet d’obtenir des champs d’ozone plus re´alistes compare´s
aux champs d’ozone obtenus par l’assimilation de MLS ou de GOME inde´pendamment.
Massart et al. [2009] a` utilise´ les mesures de MLS combine´es avec des colonnes totales
d’ozone de IASI en utilisant une sche´ma chimique line´aire d’ozone dans un mode`le dis-
posant d’une faible re´solution horizontale (i.e. 2◦) a` l’e´chelle globale. Des comparaisons
avec des donne´es inde´pendantes ont montre´ les importantes ame´liorations qu’apporte
l’assimilation de donne´es au niveau des champs d’ozone stratosphe´rique mais des biais
importants persistent au niveau des champs d’ozone troposphe´rique. Wargan et al. [2010]
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a combine´ les colonnes totales d’ozone OMI et les profils d’ozone MLS dans une expe´rience
d’assimilation pour e´tudier la distribution de l’ozone a` l’e´chelle globale a` une re´solution
horizontale de 1◦. Cette e´tude a utilise´ une sche´ma line´aire d’ozone et s’est concentre´ sur
l’UTLS. Les re´sultats montrent que les structures a` grande e´chelle au niveau de l’UTLS
sont ame´liore´es par l’assimilation de MLS.
Dans cette pre´sente e´tude, nous utilisons un sche´ma chimique non line´aire prenant en
compte la chimie de l’ozone stratosphe´rique et troposphe´rique afin d’avoir la meilleure
repre´sentation possible des champs d’ozone a` tous les niveaux du mode`le. Pour assimiler
les colonnes troposphe´rique IASI, nous avons aussi utilise´ un CTM dans une configuration
re´gionale au dessus de l’Europe qui nous permet d’avoir une re´solution horizontale de 0.2◦
qui est de l’ordre de grandeur de la re´solution des sondeurs au nadir. Comme sugge´re´ dans
le travail de Massart et al. [2009], nous avons pris en compte l’information fournie par les
fonctions de balayage (averaging kernels en anglais) dans le syste`me d’assimilation. Ainsi
le syste`me d’assimilation de donne´es exploite de manie`re optimale le potentiel de de´tection
de IASI. Coman et al. [2012] a aussi assimile´ les colonnes troposphe´riques fournies par
l’instrument IASI dans un CTM re´gional avec une re´solution plus faible de 0.5◦. Il a e´te´
montre´ que l’assimilation de IASI ame´liore les champs d’ozone du mode`le en troposphe`re
libre. Cependant, par la configuration du mode`le utilise´, cette e´tude ne prend pas en
compte l’influence de l’ozone stratosphe´rique sur l’ozone troposphe´rique. Hsu et Prather
[2009] et Terao et al. [2008] ont montre´ qu’il existe un impact significatif de l’ozone de
la basse stratosphe`re sur la distribution de l’ozone troposphe´rique. Barre´ et al. [2012a] a
montre´ que l’assimilation de MLS dans la meˆme configuration mode`le que celle utilise´e
dans cette e´tude ame´liore fortement les champs d’ozone a` l’UTLS. Un impact significatif
de l’assimilation de MLS sur l’ozone troposphe´rique est mis en e´vidence dans cette dernie`re
e´tude (chapitre 3).
Dans ce chapitre nous proposons de combiner l’assimilation des profils stratosphe´riques
de MLS (mesure au limbe) et des colonnes troposphe´riques de IASI (mesure au nadir) dans
une seule expe´rience d’assimilation en utilisant une configuration de mode`le re´gional au
dessus de l’Europe. La nouveaute´ de cette e´tude est de combiner ces deux type de mesures
d’ozone dans une expe´rience d’assimilation de donne´es en prenant en compte la chimie
troposphe´rique et stratosphe´rique (sche´ma chimique non-line´aire) avec une re´solution ho-
rizontale de 0.2◦. Cette e´tude s’inscrit dans le projet “PREMIER impact study” [European
Space Agency, 2012] dont l’un des objectifs est d’e´tudier la synergie entre les observations
au limbe et au nadir afin de concevoir les prochaines ge´ne´rations des sondeurs spatiaux.
Dans cette optique, nous avons focalise´ notre e´tude sur le mois de Juillet 2009 afin de
quantifier statistiquement les effets de l’assimilation de chaque instrument. L’ozone tro-
posphe´rique dans le mode`le est en majeure partie diminue´ par l’assimilation de IASI dans
la partie Nord du domaine re´gional. L’assimilation de MLS augmente les concentrations
d’ozone dans la moyenne et la basse stratosphe`re. Les informations apporte´s par MLS
au mode`le sont alors propage´s vers la surface par les e´changes entre la stratosphe`re et la
troposphe`re pendant l’e´te´ 2009. Cela conduit a` une augmentation du biais de´ja` existant
dans les champs d’ozone troposphe´rique du mode`le. La combinaison des donne´es MLS
et IASI permet de repre´senter des champs d’ozone en basse stratosphe`re re´alistes sans
pour autant biaiser les concentrations d’ozone en troposphe`re puisque contraintes par
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l’assimilation de IASI. Des effets synergiques de l’assimilation combine´e sont aussi mis en
e´vidence au niveau de l’UTLS pour les latitudes supe´rieures a` 50◦N. Les diagnostiques
OMA (Observations Minus Analyses) et OMF (Observations Minus Analyses) montrent
que la contribution de l’assimilation de IASI en stratosphe`re est quasiment nulle en com-
paraison a` celle due a` l’assimilation de MLS. L’e´tude de ces diagnostiques en troposphe`re
montre que l’influence de l’assimilation de MLS est forte en troposphe`re mais que l’as-
similation de IASI est capable de corriger efficacement le biais induit sur la plupart du
domaine Europe´en.
Les diffe´rentes analyses ont e´te´ compare´es avec des donne´es inde´pendantes. Une vali-
dation stratosphe´rique a` l’aide du sondeur MIPAS (Michelson Interferometer for Passive
Atmospheric Sounding) montre que les profils stratosphe´riques du mode`le sont ame´liore´s
par l’assimilation de MLS et l’assimilation combine´e IASI et MLS. Les mesures d’ozone
ae´roporte´s MOZAIC ont ensuite e´te´ utilise´es pour valider les champs au niveau de l’UTLS
et de la troposphe`re libre. Au niveau de l’UTLS, les analyses MLS et les analyses com-
bine´es IASI et MLS montrent les meilleurs re´sultats avec un biais re´duit dans le cas de
l’assimilation combine´e. Au niveau de la troposphe`re ce sont les analyses IASI et les ana-
lyses combine´es qui montrent les meilleurs re´sultats. Si on prend en compte toutes les
couches atmosphe´riques repre´sente´ par le mode`le l’assimilation combine´e de IASI et MLS
montre une structure verticale de l’ozone fortement ame´liore´e. Nous avons ensuite utilise´
les donne´es de colonnes totales d’ozone OMI afin de quantifier plus pre´cise´ment la synergie.
L’assimilation combine´e montre les meilleurs scores statistiques (biais, e´cart quadratique
moyen et corre´lation). La validation avec OMI montre statistiquement que l’assimilation
combine´e de MLS et IASI ame´liore fortement les colonnes totales d’ozone repre´sente´es
par le mode`le parce que la structure verticale du champ d’ozone est ame´liore´e. L’e´tude
de la variabilite´ des diffe´rents niveau du mode`le montrent l’importance de l’UTLS sur la
variabilite´ de la colonne totale d’ozone. Deux re´gimes de variabilite´ sont identifie´s : un lie´
aux ondes de gravite´ au dessus du jet subtropical et l’autre lie´ aux ondes de Rossby dans
la tre`s basse stratosphe`re.
Dans cette e´tude nous avons montre´ que des re´-analyses d’ozone de haute qualite´
peuvent donc eˆtre re´alise´s en troposphe`re comme en stratosphe`re en combinant des me-
sures au limbe et au nadir.
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4.2 Article 2 - Combined data assimilation of ozone
tropospheric columns and stratospheric profiles
in a regional CTM
Abstract
Stratospheric ozone profiles from MLS (Microwave Limb Sounder) and tropospheric
ozone columns from IASI (Infrared Atmospheric Sounding Interferometer) have been assi-
milated using a variational (3D-FGAT) technique into the MOCAGE (MOde`le de Chimie
Atmosphe´rique a` Grande Echelle) model during the month of July 2009. The model uses
two domains configurations with an horizontal resolution of 0.2◦ over Europe and 2◦ over
the globe and a detailed non-linear tropospheric and stratospheric chemical scheme. This
study compares the separate and combined analysis of IASI tropospheric columns and MLS
stratospheric profiles, in order to investigate possible synergistic effects. The contributions
on the ozone distribution of each data assimilation experiment are discussed before eva-
luation of the analyses in self-consistency tests : χ2, OMA (Observations Minus Analyses)
and OMF (Observations Minus Forecasts) diagnostics. The results shows that MLS assi-
milation has a significant impact on the troposphere. An evaluation of the stratospheric
distributions is made using independent MIPAS (Michelson Interferometer for Passive
Atmospheric Sounding) stratospheric profiles. IAGOS (In-Service Aircraft for a Global
Observing System) flights are also used to evaluate the impact of the dataset assimila-
ted in the troposphere and in the UTLS (Upper Troposphere Lower Stratosphere) regions.
These comparisons with independent data show an improvement of the ozone vertical pro-
file in the stratosphere and in the UTLS with MLS analyses. The IASI analyses show
clearest improvements on ozone distributions in the free troposphere. The IASI and MLS
combined assimilation analyses show the most realistic ozone fields overall in the stratos-
phere, UTLS and troposphere. Though neither instrument covers the entire atmospheric
column alone, the combined MLS and IASI analyses also show the best agreement with
the independent total ozone columns data from the OMI (Ozone Monitoring Instrument)
data set which provides an extensive validation in space and time. Bias RMSE (Root Mean
Square Error) and correlation are significantly improved compared to the free running mo-
del. Bias and RMSE are reduced by 15 DU (Dobson Unit) and 12 DU respectively. For
the combined MLS and IASI analyses the correlation R2 coefficient with the OMI total
columns is improved and rises up to 0.8 in the Northern half of the regional domain.
This set of validations show that the vertical ozone structure is strongly improved and that
highly realistic ozone analyses are provided by combining the pieces of information brought
by IASI and MLS in the analyses.
4.2.1 Introduction
Ozone is a key trace gas in the troposphere owing to its important role in atmospheric
chemistry, air quality, and climate change [Ramaswamy et al., 2001]. Ozone concentration
in the atmosphere has strong variations along its vertical profile. The stratosphere has
high ozone concentrations with about 90% of atmospheric ozone, whereas the troposphere
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has low ozone concentrations with only 10% of atmospheric ozone [Lelieveld et Dentener,
2000]. Stratospheric ozone protects life on Earth from harmful ultraviolet solar radiation.
Upper tropospheric ozone represent the third largest greenhouse gas contribution to ra-
diative forcing of climate change, with a forcing equivalent to about 24% of that from
carbon dioxide [Ramaswamy et al., 2001]. At the earth surface, ozone is also a pollutant
especially in urban areas, affecting air quality and health of a large proportion of the
world population [Organization, 2005].
Several sensors onboard satellites have been designed to measure global atmospheric
ozone distributions. Satellite observations can be divided into two categories based on
their viewing geometries : limb sounder and nadir sounders. Limb sounders can provide
ozone profiles of the mesosphere, the stratosphere and the upper troposphere by mea-
suring the edge (the limb) of the Earth’s atmosphere. In this type of measurement, the
horizontal sampling is low but vertical information is detailed. For example, the Micro-
wave Limb Sounder (MLS) onboard the Aura satellite and the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) onboard the Envisat satellite provide ozone
profiles from the mesosphere to the upper troposphere with a vertical resolution of a few
kilometers (between 1.5 km and 4 km). Nadir sounders have a downward view of the at-
mosphere. Vertically integrated ozone quantities (total columns and partial columns) are
provided by this type of measurement. Nadir sounders generally display high horizontal
resolution measurements of ozone whereas the vertical information is poor compared to
limb-viewing instruments. For example, the Ozone Monitoring Instrument (OMI) onboard
the Aura satellite and the Infrared Atmospheric Sounding Interferometer (IASI) onboard
the MetOp-A satellite provide daily integrated ozone quantities with an horizontal reso-
lution in the order of 25 km × 25 km pixel size. The strength and the weaknesses of these
heterogeneous types of ozone measurements (limb and nadir) can be combined to have an
optimal estimation of the ozone fields of the middle and the low atmosphere.
Data assimilation, which uses a priori information from a model, provides an objective
way of combining the heterogeneous data from remote sensors onboard satellites, e.g.
Struthers et al. [2002]. With the help of a Chemistry Transport Model (CTM) ozone data
assimilation can bring many benefits from the heterogeneous ozone datasets [Lahoz et al.,
2007]. Assimilated ozone data can also be propagated by the model to regions where data
are unavailable.
Several studies have performed data assimilation experiments using stratospheric ozone
profiles from limb measurements and total ozone columns from nadir measurements. Stru-
thers et al. [2002] used MLS stratospheric profiles and Global Ozone Monitoring Expe-
riment (GOME) total columns in the same assimilation experiment with a model using a
linear ozone scheme. It was shown that the combination of MLS and GOME observations
via the assimilation process produced improved ozone fields compared to the assimilation
of MLS and GOME separately. Wargan et al. [2010] combined OMI total ozone columns
and MLS ozone profiles in an assimilation experiment to study the UTLS ozone distribu-
tion at global scale (i.e. at a relatively low resolution of 1◦). This study uses a linear ozone
model scheme and focuses on the UTLS region. The results demonstrate that the large
scale features in the UTLS are well-constrained and improved by the assimilation of MLS
compared to independent observations. Massart et al. [2009] used MLS measurements
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combined with total ozone columns from two nadir sounders, SCIAMACHY and IASI, in
two combined assimilation experiments using a linear ozone scheme in a low horizontal
model resolution (i.e. 2◦) at global scale. Comparison with independent data shows strong
improvement in the stratospheric ozone fields but significant biases are persistent in the
tropospheric ozone fields for which the model representation of ozone chemistry is not
adapted (bad background).
In the present study, we use a stratospheric and tropospheric detailed non-linear chemi-
cal scheme in order to have a representation of ozone photochemistry in the stratosphere
and the troposphere. The work of Massart et al. [2009] recommends using the vertical
information provided by the averaging kernels in the nadir observations. In the present
study, we use tropospheric ozone partial columns and we take into account the informa-
tion provided by the averaging kernels in the assimilation process. The work of Massart
et al. [2009] also recommends using an increased horizontal model resolution to exploit the
full potential of IASI observations. Regional CTM models are able to provide increased
horizontal resolution which match that of nadir observations. In the present study, we use
a regional configuration (over Europe) at a resolution of 0.2◦, the horizontal sampling of
IASI (12 km). Coman et al. [2012] assimilated the tropospheric column provided by IASI
into a regional (over Europe) and tropospheric CTM with a 0.5◦ horizontal resolution.
It was shown that IASI observations improve the free tropospheric ozone in the model.
However this study focuses on tropospheric ozone fields and the impact of stratospheric
ozone on the troposphere is not taken in account. Hsu et Prather [2009] and Terao et al.
[2008] show the impact of UTLS ozone on the tropospheric ozone distributions. Barre´
et al. [2011] shows that MLS assimilation in the same regional model configuration as
used in the present study strongly improves the ozone fields in the UTLS and shows the
significant impacts of UTLS ozone on tropospheric ozone.
In this study we combine MLS stratospheric ozone profiles (limb measurements) and
IASI tropospheric ozone columns (nadir measurements) with averaging kernels in a single
data assimilation experiment using a regional model configuration over Europe. What is
novel in this paper is to combine tropospheric ozone columns with stratospheric ozone
profiles in a data assimilation experiment with a non-linear stratospheric and tropospheric
detailed chemical scheme with an horizontal resolution of 0.2◦. This study was conducted
in the framework of the PREMIER impact study project [European Space Agency, 2012]
for which one of the objectives is to investigate the synergy between the limb and nadir
observations (onboard the EUMETSAT Polar System Second Generation platform) to
design the next generation of atmospheric sounders.
The outline of the paper is as follows. Section 4.2.2 provides a description of the MO-
CAGE model configuration and the assimilation system set up. Section 4.2.3 presents
the two data sets used for the assimilation and discusses the impact of each assimilation
of data set separately (i.e. limb versus nadir). The impacts on the stratosphere (res-
pectively troposphere) from the tropospheric (respectively stratospheric) assimilation are
investigated. Section 4.2.4 focuses on the validation of the data assimilation experiments
against independent datasets. The improvement of the stratospheric, the UTLS and the
tropospheric ozone fields are estimated with independent datasets. We then use the total
ozone columns from OMI to provide extensive validation in space and time. Section 4.2.5
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provides conclusions.
4.2.2 Model, data and methodology
4.2.2.1 Chemistry Transport Model
The MOCAGE model is a three-dimensional stratospheric and tropospheric CTM [Peuch
et al., 1999] which simulates the interactions between the physical and chemical processes.
It uses a semi-Lagrangian advection scheme [Josse et al., 2004] to transport the chemical
species. It has 47 hybrid levels from the surface to ∼5 hPa with a resolution of about
40 m near the surface increasing to 800 m in the higher troposphere. Turbulent diffusion
is calculated with the scheme of Louis [1979] and convective processes are represented with
the scheme of Bechtold et al. [2001]. The chemical scheme used in this study is RACMO-
BUS ; it is a combination of the stratospheric scheme REPROBUS [Lefe`vre et al., 1994]
and the tropospheric scheme RACM [Stockwell et al., 1997]. It includes 119 individual
species with 89 prognostic variables and 372 chemical reactions. MOCAGE has thus the
flexibility to be used for stratospheric studies [El Amraoui et al., 2008a] and tropospheric
studies [Dufour et al., 2005]. It is used in the operational air quality monitoring system in
France : Prev’air [Rouil et al., 2009] and in the pre-operational GMES (Global Monitoring
for Environment and Security) atmospheric core service [Hollingsworth et al., 2008]. A
detailed validation of the model has been done using a large number of measurements
during campaigns such as the Intercontinental Transport of Ozone and Precursors the
Intercontinental Transport of Ozone and Precursors (ICARTT/ITOP, Bousserez et al.
[2007]) or the African Monsoon experiment (AMMA, Williams et al. [2010]). The meteo-
rological analyses of Me´te´o-France, ARPEGE [Courtier et al., 1991] are used to force the
dynamics of the model every 3 hours. In this study, the model uses a regional domain at
0.2o over Europe, from 32o N to 72o N and from 16o W to 36o E, while the time dependent
chemical boundary conditions are provided by the global domain of MOCAGE (2◦). The
assimilation experiment started on 15 May 2009. The initialization field for this date was
obtained from a free model run started on April 1st from a climatological field. We thus
have a free model run spin-up of 1.5 months and 1.5 month of data assimilation before 1st
July 2009. We consider this spin-up period to be sufficient to have enough well balanced
ozone fields. In this study we focus on the entire month of July 2009.
4.2.2.2 Data assimilation system
The assimilation system used in this study is MOCAGE-PALM [Massart et al., 2005]
implemented within the PALM framework [Buis et al., 2006]. The technique used is 3D-
FGAT (First Guess at Appropriate Time, Fisher et Andersson [2001]). This technique is
a compromise between the 3D-Var (3D-variational) and the 4D-Var (4D-variational) me-
thods. It compares the observation and background at the correct time and assumes that
the increment to be added to the background state is constant over the entire assimilation
window. The choice of this technique limits the size of the assimilation window, since it
has to be short enough compared to chemistry and transport timescales. It has been vali-
dated during the assimilation of ENVISAT data project (ASSET, Lahoz et al. [2007]) and
has produced good quality results compared to independent data and other assimilation
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systems [Geer et al., 2006]. MOCAGE-PALM has been used to assess the quality of satel-
lite ozone measurements [Massart et al., 2007]. In this context, assimilation products have
been used in many atmospheric studies in relation to the ozone loss in the Arctic vortex
[El Amraoui et al., 2008a], exchanges between the tropics and mid-latitudes [Bencherif
et al., 2007], Stratosphere-Troposphere Exchange (STE) [Semane et al., 2007], exchange
between the polar vortex and the mid-latitudes [El Amraoui et al., 2008b], and diagnosing
STE of ozone and carbon monoxide [El Amraoui et al., 2010].
4.2.2.3 Assimilated observations
IASI 0-6km ozone observations
The IASI instrument [Clerbaux et al., 2009] is a Fourier transform spectrometer, on-
board the European MetOp-A satellite, operational since June 2007. As an operatio-
nal instrument, IASI provides temperature and humidity profiles and cloud information.
Providing spatial distributions of O3 is also among the objectives of the mission. IASI
measures the thermal infrared radiation (TIR) emitted by the Earth surface and the at-
mosphere. The MetOp-A satellite follows a polar sun-synchronous orbit (about 800 km
altitude) and has two overpasses per day, one in the morning and the other during the
night. IASI has a swath 2200 km wide perpendicular to the satellite orbit and the pixel
size is 12 km on the ground comparable to the resolution of the MOCAGE model (0.2◦).
In this study, only the morning overpasses have been considered because of the higher
contrast between the surface temperature and the temperature in the lowermost tropos-
pheric layers. This is required to lower the sensitivity of the observations in the lowermost
atmospheric layers.
The IASI instrument is able to provide tropospheric columns of ozone between 0 km
and 6 km (IASI O3 0-6km) with a vertical sensitivity provided by averaging kernel (AVK)
functions. The AVK expresses the sensitivity in height of the retrieved profile by provi-
ding the relative weighting in the solution between the true profile and the a priori profile
[Rodgers, 2000]. The retrieval method used here is the same as in Eremenko et al. [2008],
which is a constrained least square fit method with an analytical altitude-dependent re-
gularization method. To perform this retrieval the KOPRA (Karlsruhe Optimised and
Precise Radiative transfer Algorithm, Stiller [2000]) radiative transfer model and the KO-
PRAFIT inversion module are used. The a priori profiles are provided by a climatology
from McPeters et al. [2007]. The IASI O3 0-6km columns have been validated and used
in several studies. Eremenko et al. [2008], which presents the retrieval technique, shows a
good agreement between IASI O3 0-6km columns and ozonesonde measurements : mean
bias is smaller than 5% and correlation larger than 0.85. Keim et al. [2009] show a sta-
tistical validation of IASI O3 0-6km columns with a small bias less than 2 DU (Dobson
Unit) against ozonesonde measurements. ? shows a global statistical validation over one
year and find a positive average bias of 0.15 DU (1.2%) in comparison with ozonesonde
measurements. Dufour et al. [2010] use IASI O3 0-6km columns observations to diagnose
the seasonal and daily variation of tropospheric ozone over large cities.
The IASI dataset used in this study covers most of the regional domain with a la-
titude range from 35◦N to 70◦N and a longitude range from 15◦W to 35◦E. On average
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8000 observations are provided daily in this latitude-longitude area.
MLS ozone observations
The Aura satellite was launched on 15 July 2004 and placed into a near-polar Earth
orbit at 705 km. It makes about 14 orbits per day. The MLS instrument onboard Aura uses
the microwave limb sounding technique to measure chemical constituents and dynamical
tracers between the upper troposphere and the lower mesosphere [Waters et al., 2006].
It provides global coverage with 3000 profiles daily between 82o N and 82o S and about
100 profiles daily in the regional model domain (from 32o N to 72o N and from 16o W to
36o E). In this study we use Version 2.2 of the MLS O3 dataset. The retrieval is made
between 215 and 0.46 hPa with a vertical resolution of 3 km in the upper troposphere and
the stratosphere. The along-track resolution of O3 is 200 km between 215 and 10 hPa.
The estimated single profile precision in the extra-tropical UTLS region is of the order
of 0.04 ppmv (parts per million by volume) from 215 to 100 hPa and between 0.05 and
0.2 ppmv from 46 to 10 hPa. For the present assimilation experiment, MLS data are
selected according to the precision and quality flags recommended in the MLS Version
2.2 Level data quality and description document (see http://mls.jpl.nasa.gov/data/
v2-2_data_quality_document.pdf). The respective errors for each profile are taken into
account in the assimilation process through the error covariance matrix of observations.
Note that only measurements performed between 215 and 10 hPa are used during the
assimilation experiment because of the upper boundary of the MOCAGE configuration
used here, which is at 5 hPa.
4.2.3 Assimilation experiments set up
In this paper four model and assimilation experiments are performed. A model run without
data assimilation called hereafter Free model Run (Free-R). A MLS data assimilated run
called hereafter MLS Run (MLS-R) ; an IASI data assimilated run called hereafter IASI
Run (IASI-R) ; and a combined IASI plus MLS assimilated run called hereafter Combined
Run (Combined-R). These four experiments are required for understanding the effect of
each assimilated dataset and the synergy of the Combined-R. Figure 4.1 provides the zonal
mean of the Free-R ozone field for the month of July 2009. High ozone values (between
10 mPa and 17 mPa) and low ozone values (under 4 mPa) show the contrast between the
stratosphere and the troposphere. Between these two regions the UTLS shows a transition
region where strong ozone gradients are observed. The height of this transition region has
variations in latitude, being near 70 hPa at 32◦N and near 200 hPa at 72◦N. A progressive
difference is visible between North and South. In the Northern latitudes the UTLS ozone
gradient is “weak“, between 100 and 200 hPa, in the southern latitudes the UTLS ozone
gradient is ”strong“, between 50 and 100 hPa.
4.2.3.1 χ2 diagnostic
In this section, we evaluate the assimilation experiments with the help of the χ2 diagnostic
[Menard et al., 2000; Menard et Changs, 2000]. This method provides information for
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Figure 4.1 – Zonal mean of the ozone field (mPa) of the free model run (a), the IASI
analyses (b), the MLS analyses (c) and the Combined IASI and MLS analyses (d) for
the month of July 2009 over Europe (longitudes from 15◦W to 35◦E).
Figure 4.2 – Plots of χ2 as a function of time for the month of July 2009 over Europe.
Each value is calculated for one assimilation window (1 hour) for IASI O3 analyses (red),
MLS O3 analyses (blue) and combined MLS and IASI O3 analyses (purple) over Europe
(see text for a discussion of this test). χ2 values are omitted when no IASI or MLS data
are available.
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assessing if the observations and background error covariance matrices are appropriately
weighted. The χ2 test is defined as follows : the penalty function as its minimum (Jmin)
follows a chi-squared distribution with average value N/2 where N is the number of
observation used for the analysis. χ2 = 2Jmin/N must be equal on average to 1 [Lahoz
et al., 2007]. The cost function J , in the case of the 3D-FGAT, is given by :
J(x)= 1
2 [x(t0)−xb(t0)]
T
B−1[x(t0)−xb(t0)]+ 12
N∑
i=1
[y(ti)−H(x(ti))]TR−1i [y(ti)−H(x(ti))] (4.1)
The first term on the left-hand-side quantifies the misfit to the background, where
xb(t0) is the background state at the initial time and B is the background error covariance
matrix. The second term on the right-hand-side quantifies the misfit to the observations,
where y(ti), H and R are the observation at the time ti, the observation operator and
the observation error covariance matrix, respectively. A value of χ2 close to 1 indicates
a good estimation of B and/or R. If the χ2 value is lower (greater) than 1 implies an
overestimation (underestimation) ofB and/orR. In this workR is diagonal and defined by
the measurement errors provided with the MLS O3 and the IASI O3 datasets, whereas B
is defined as constant in space and time with specified off-diagonal terms. We adjusted the
diagonal elements and the correlation length scales of B (to parameterize the off-diagonal
elements of the matrix [Massart et al., 2009]) in order to obtain the closest average χ2
value to 1 for the Combined-R. The correlations μmn are computed with length-scales Lxy
for the horizontal and Lz for the vertical using a diffusion equation [Weaver et Courtier,
2001] defined as follows
μxymn = exp(−
δmnr
2
xy
2L2xy
) (4.2)
where δmnrxy represents the horizontal distance between location m and n.
μzmn = exp(−L−2z log2(
Pm
Pn
)) (4.3)
where Pm and Pn are the pressures at two vertical levels m and n.
In figure 4.2, the χ2 average value is 1.04, 0.96 and 1.12 for the IASI-R, the MLS-R
and the Combined-R respectively, where Bmm = 20% of the background value, Lxy = 1
◦
and Lz = 0.05. The three different experiments have the same adjustment parameters
defining B and present average values of the χ2 diagnostic close to 1. These results shows
that both the observations and the background error covariances matrices are appropriate,
and thus that the assimilation experiments are well conditioned.
4.2.3.2 IASI 0-6km ozone assimilation (IASI-R)
In a previous study, Coman et al. [2012] used the IASI O3 0-6 km columns for data assi-
milation experiments. IASI was assimilated in a tropospheric CTM and it was shown that
data assimilation of IASI O3 0-6 km columns improves the simulated ozone fields in the
middle and the lower troposphere and also impacts positively surface ozone. In this study
we also use the IASI O3 0-6 km columns in our data assimilation system. IASI O3 0-6 km
vertical sensitivities provided by the AVK are also used to perform the data assimilation.
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Figure 4.3 – (a) Zonal mean of the increments of the IASI ozone analyses in partial
pressure (mPa) ; (b) Zonal mean of the IASI ozone analysis minus the MOCAGE free run
in mPa. Zonal means are performed for the month of July 2009 over Europe (longitudes
from 15◦W to 35◦E).
Figure 4.4 – (a) Zonal mean of increments of the MLS ozone analyses in partial pressure
(mPa) ; (b) Zonal mean of the MLS ozone analyses minus the MOCAGE free run in mPa.
Zonal means are performed for the month of July 2009 over Europe (longitudes from 15◦W
to 35◦E).
Figure 4.5 – (a) Zonal means of increments of MLS plus IASI combined ozone analyses
in partial pressure (mPa) ; (b) Zonal means of the MLS plus IASI ozone analyses minus
the MOCAGE free run in mPa. Zonal means are performed for the month of July 2009
over Europe (longitudes from 15◦W to 35◦E).
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Figure 4.3a shows the assimilation increments zonally averaged for the month of July
2009. By definition, the assimilation increment corrects for the instantaneous difference
between the measured ozone value and the modeled ozone value. Negative increments
correspond to assimilation decreasing ozone values while positive increments correspond
to assimilation increasing ozone values. IASI-R shows strong negative increments in the
troposphere below 400 hPa. There are more IASI 0-6km observations in the Northern part
of the domain (between 50◦N and 72◦N) and thus zonal means of increments are more
intense than in the Southern part of the domain (between 32◦N and 50◦N).
Figure 4.3b show the differences between the IASI-R and the Free-R (i.e. IASI-R
ozone fields minus Free-R ozone fields) zonally averaged for the month of July 2009. These
differences illustrate not only the contribution of data assimilated, and it also shows how
the information is propagated by the model in areas where there are no observations. These
differences show a decrease of ozone between -0.5 mPa and -1.5 mPa in the troposphere
with the lowest values near the surface (below 700 hPa) and located around 60◦N. There
are large increments in the troposphere, which are propagated downward and southward.
The troposphere has a rapid vertical mixing and horizontal winds are not as strong as in
the stratosphere. The tropospheric assimilation increments are not advected horizontally
as quickly, but are rapidly mixed vertically.
4.2.3.3 MLS ozone assimilation (MLS-R)
Previous studies have shown the impact of MLS O3 assimilation in the MOCAGE CTM.
El Amraoui et al. [2010] assimilated MLS O3 at a global scale and found that MLS analyses
have the capability to improve STE ozone structures. ? assimilated MLS O3 in a regional
domain (the same as used in this study) and showed the capability of MLS analyses to
represent realistic filamentary structures in the UTLS. It was also shown that tropospheric
ozone is impacted adversely, with a positive bias induced in the analyses through the
transport. In this section we briefly describe the assimilation of MLS O3 and its impact on
the modeled ozone fields. To perform the assimilation of MLS O3 stratospheric profiles in
the regional domain, we previously assimilated MLS O3 profiles at global scale to provide
consistent boundary condition values. Due to the strong stratospheric horizontal flows,
consistent boundary conditions are indispensable over a limited area domain. Figure 4.4
provides as in section 4.2.3.1 the zonal averages for assimilation increments for MLS-R
(only for the regional assimilation) and for the difference between the MLS-R and the
Free-R (i.e. MLS-R ozone fields minus Free-R ozone fields). MLS-R increments (Fig. 4.4a)
show positive and negatives values in the stratosphere above 250 hPa. There are no
assimilation increments in the troposphere (below 250 hPa). The strongest assimilation
increments are positive and are located in the UTLS at northern latitudes (between 50◦N
and 72◦N). Strong positive increments are also located in the stratosphere between 80 hPa
and 40 hPa (in all latitudes of the regional domain). This altitude range corresponds to
the lower part of the ozone layer seen in the Free-R (Fig. 4.1a and 4.1c) where the ozone
fields are increased in a range from 1 mPa (32◦N) to more than 1.5 mPa (72◦N). The
total contribution of the MLS-R (Fig. 4.4b) shows the same location of high values as
in the assimilation increments. The UTLS ozone is increased especially in the Northern
part of the domain (between 50◦N and 72◦N) by more than 1.5 mPa. The increments
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Figure 4.6 – Zonal means of [Combined-R]+[Free-R]-[IASI-R]-[MLS-R] in mPa. Zonal
means are performed for the month of July 2009 over Europe (longitudes from 15◦W to
35◦E).
are propagated in the Southern latitudes of the domain and also in the troposphere.
The tropospheric ozone shows an average increase of 0.8 mPa. This is explained by the
advection of the UTLS assimilation increments in the troposphere during STE events
occurring in the summer of 2009.
4.2.3.4 IASI ozone and MLS ozone combined assimilation (Combined-R)
We now describe the results from the simultaneous assimilation of the MLS ozone stra-
tospheric profiles and the IASI tropospheric ozone columns. Figure 4.5 provides the zonal
average for the month of July 2009, the Combined-R assimilation increments and the dif-
ference between the Combined-R and the Free-R (Combined-R ozone fields minus Free-R
ozone fields). Combined-R assimilation increments (Fig. 4.5a) in the stratosphere present
the characteristics of both IASI-R and MLS-R increments. Combined-R assimilation in-
crements in the troposphere show stronger negative values which extend higher than in
the IASI-R. This is due to the tropospheric contribution of global MLS analyses which
include a contribution from the boundary conditions outside of the regional domain (see
section 4.2.3.5 for details). MLS analyses spread increased ozone values in the middle and
upper troposphere at the global scale as explained in section 4.2.3.4, and the boundary
conditions provide increased ozone values. The IASI assimilation increments are then
stronger in the middle troposphere and the upper troposphere. The Combined-R tropos-
pheric contribution shows negatives values as for the IASI-R. In a general manner, the
Combined-R has the capability to reduce ozone in the troposphere (IASI-R contribution)
and to increase ozone in the lower stratosphere (MLS-R contribution) which provides
stronger vertical gradients in the UTLS.
The simultaneous assimilation presents features similar to these seen with MLS assimi-
lation in the stratosphere and with IASI 0-6km assimilation in the troposphere, and hence
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appears as a compromise. Further, in order to investigate a potential synergy when MLS
and IASI 0-6km ozone measurements are jointly assimilated, we compare the fields obtai-
ned in figure 4.5b (Combined-R minus Free-R) with the sum of the fields of figure 4.3b
(IASI-R minus Free-R) and 4b (MLS-R minus Free-R). The field obtained in figure 4.6 is
then :
(CombinedR−FreeR)−[(IASIR−FreeR)+(MLSR−FreeR)]=CombinedR+FreeR−IASIR−MLSR (4.4)
The most marked synergistic effects are found in the UTLS region betwen 200 hPa
and 300 hPa and in the Northern half of the regional domain between 50◦N and 72◦N.
This region is constrained by both assimilated datasets (MLS and IASI 0-6km) at the
same time, and it displays stronger ozone gradients (Figures 4.1d and 4.5b) than it is
the case in the other assimilation experiments. Below 300 hPa, the ”synergy” is that IASI
0-6km observations are able to counter the effetcs of downward-transported stratosphe-
ric increments from MLS assimilation. The observational constraint in the troposphere
and in the stratosphere reduce the influence of the background (model and transported
increments from previous assimilation windows) on the final analysed product.
4.2.3.5 Observation minus forecast and observation minus analysis
Observation minus forecast (OMF) innovations and observation minus analysis (OMA)
residuals are computed over the regional domain for the month of July 2009 to test whe-
ther the observations, forecast and analysis fields, and their errors, are consistent [Lahoz
et al., 2007]. Figure 4.7 provides the OMF distributions normalized by the measurement
errors for each assimilated instruments (i.e. IASI or MLS) and for each assimilation ex-
periments (i.e. IASI-R, MLS-R or Combined-R). The OMF normalized histograms are
fitted by Gaussian functions. The match between the fitted Gaussian functions and the
OMF normalized histogram is very good. This good agreement supports the assumption
that the observations and the forecast have Gaussian errors. The IASI O3 assimilated nor-
malized OMF distributions present a different mean and standard deviation depending
on wheteher the assimilation of IASI is combined with MLS O3 (Combined-R) or not
(IASI-R). In the case of the IASI-R, the normalized (by the measurement errors) OMF
mean and standard deviation are -0.23 and 1.44, whereas in the case of the Combined-R
the normalized OMF mean and standard deviation are -0.88 and 1.62. The OMF dis-
tribution of the IASI assimilation is thus influenced by the impact in the troposphere of
MLS assimilation. Figure 4.8 provides the variations of normalized OMA, OMF mean and
standard deviation in latitude and longitude for the IASI O3 analyses for the IASI-R and
for the Combined-R. The Combined-R shows significantly increased OMF mean and stan-
dard deviation compared to the IASI-R. The largest increases are found at the Northern
and Western boundary of the regional domain and at 50◦N. This illustrates the influence
of the boundary conditions on the background state of the model in the troposphere,
since the free model run and the MLS O3 analyses at the global scale have been used to
force the boundary conditions in the IASI-R and the Combined-R, respectively. The mean
tropospheric flow during July 2009 is Westerly oriented over the Atlantic between 35◦N
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Figure 4.7 – Distributions of observations minus forecasts (OMF) normalized by the
observations errors for assimilated IASI O3(a) and assimilated MLS O3 (b). Dashed lines
represent the Gaussian fit of OMF for IASI or MLS single analyses and solid lines represent
the Gaussian fit for OMF of IASI and MLS combined analyses. The frequency values are
normalized by the total number of observations. The diagnostics are performed for the
month of July 2009 over Europe.
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Figure 4.8 – Latitudinal and longitudinal variations of the mean ((a) and (c) respec-
tively) of observations minus forecasts (OMF, green) and observations minus analyses
(OMA, red) normalized by the observations errors concerning assimilated IASI O3. Lati-
tudinal and longitudinal variations of the standard deviation ((b) and (d) respectively)
of OMF (green) and OMA (red). Dashed lines represent the OMA, OMF of IASI or MLS
single analyses and solid lines represent the OMA, OMF of IASI and MLS combined
analyses. The diagnostics are performed for the month of July 2009 over Europe.
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and 55◦N and Northerly oriented at the Northern boundary of the regional domain (not
shown). Over the entire regional domain, the OMA shows reduced means and standard
deviations compared to the OMF. This indicates that the analyses are closer to the obser-
vations than the forecast and that assimilation of IASI O3 corrects the background state
over the entire regional domain. The effect of the boundary conditions is less visible for
the OMA diagnostics than for the OMF diagnostics since very small differences between
IASI-R and Combined-R are observed in the mean and standard deviation values. Only
slightly increased values in the OMA diagnostics are visible at the edges of the domain.
Concerning MLS O3 assimilation, the similarity between the MLS-R OMF distribution
and the Combined-R OMF distribution shows that the impact of IASI O3 assimilation
on the stratosphere is not significant compared to MLS O3 assimilation. The mean and
standard deviation of the normalized OMF distributions are about -0.17 and 4.63, res-
pectively and the normalized OMA mean and standard deviation are about 0.009 and
0.78, respectively. The strong reduction of the standard deviation between the OMF and
OMA distribution shows a strong improvement of the background state variability at all
observational levels.
4.2.4 Evaluation against independent data
4.2.4.1 MIPAS
The MIPAS instrument onboard Envisat provides about 1300 radiance profiles per day,
each consisting of 27 radiance spectra covering the altitude range of 6 to 70 km, and
the spectral range of 4.15 to 14.6 μm. The sun-synchronous orbit of Envisat at ∼800 km
altitude allows a global monitoring of the atmosphere from pole to pole, with a horizontal
sampling of 410 km along 14.4 orbits per day. Retrieved ozone profiles are used in this
study. A detailed description of the specific retrieval approach, micro-windows and the
estimated precision, accuracy and vertical resolution for the current data version is given
in von Clarmann et al. [2009]. Validation results show that below 30 km, the bias never
exceeds ±0.3 ppmv [Stiller et al., 2011].
Figure 4.9 compares the profiles of the four assimilation experiments (Free-R, IASI-
R, MLS-R and Combined-R) with MIPAS measurements (black dots) averaged in a 10◦
latitude bands over the regional domain for the month of July 2009. Error bars provide
the average error of the MIPAS measurements. Stratospheric profiles, between 14 hPa
and 100 hPa, of MLS-R and Combined-R show a better agreement with MIPAS data
than Free-R and IASI-R. In MLS-R and Combined-R, the stratospheric information from
MLS ozone data gives an added value onto the stratospheric ozone fields concentrations.
For each band of latitude the shape of the Combined-R and MLS-R stratospheric ozone
profiles is closer than the Free-R to what is observed independently by MIPAS. Figure 4.9
also show the impact of the MLS-R and Combined-R in the UTLS. MIPAS provides
observations at UTLS altitudes but with important errors in the limb measurements and
a low number of observations. This explains the wide error bars in the MIPAS UTLS
measurements. On average, increased ozone values in the UTLS, between 100 hPa and
300 hPa, in the MLS-R and Combined-R show an improvement with respect to Free-
R regarding MIPAS data. Between 57◦N and 72◦N, a maximum of ozone near 200 hPa
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Figure 4.9 – Zonally averaged vertical profiles by 10◦ of latitude for the month of July
2009 over Europe. Latitudes ranges from top to bottom and left to right : 32◦N to 72◦N
by 10◦ intervals (a-d). Black dots : MIPAS dataset, green : free model run (Free-R),
blue : IASI analyses (IASI-R), red : MLS analyses (MLS-R), purple : combined MLS and
IASI analyses (Combined-R). Values are in partial pressure (mPa). Error bars provide the
averaged error of the MIPAS measurements.
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Figure 4.10 – (a) Comparisons between the averaged vertical profile of IAGOS aircraft
(black dots) and averaged assimilation experiments profiles : green : Free model run (Free-
R), blue : IASI analyses (IASI-R), red : MLS analyses (MLS-R), purple : combined MLS
and IASI analyses Run (Combined-R). 75 profiles are averaged. (b) Absolute bias between
IAGOS and assimilation experiments : green Free-R, blue IASI-R, red MLS-R, purple
Combined-R. (c) Root mean square error between IAGOS and assimilation experiments :
green Free-R, blue IASI-R, red MLS-R, purple Combined-R. Values are in partial pressure
(mPa).
is captured by MIPAS data and is also visible in the MLS-R and Combined-R. These
maxima in the average UTLS ozone fields are not seen without MLS assimilation (Free-
R and IASI-R). To conclude, MLS-R and Combined-R averaged profiles show a better
agreement with MIPAS data than Free-R and IASI-R averaged profiles.
4.2.4.2 IAGOS
The IAGOS (In-Service Aircraft for a Global Observing System) programme succeeded
the MOZAIC (Measurement of OZone and water vapor by Airbus In-service airCraft)
programme. The IAGOS programme measures ozone and other species from commercial
aircraft [Marenco et al., 1998]. 75 profiles from aircraft taking off and landing (in Frank-
furt 50◦N 8◦E) during July 2009 are used in this study. Figure 4.10 shows the average
tropospheric profiles for July 2009 (between 1000 hPa and 200 hPa) of the 4 experiments
compared to independent aircraft data. Bias and Root Mean Square Error (RMSE) bet-
ween IAGOS observations and the various experiments are also presented. Compared to
IAGOS observations, the Free-R has a positive ozone bias in the free troposphere between
400 and 800 hPa, ranging between 0.3 and 1 mPa (i.e. between 10% and 35%). IASI-R have
a reduced bias close to 0 mPa in the free troposphere between 400 and 800 hPa. Compared
to the Free-R, the IASI-R shows bias and RMSE reductions of about 1 mPa between 600
and 800 mPa. In addition the RMSE is also improved between 600 and 800 mPa. This
altitude range (400 hPa to 800 hPa) corresponds to the maximum sensitivity of the IASI
observations assimilated here as described in section 4.2.3.2. At the surface, the bias and
RMSE are reduced due to downward transport to the surface of the assimilated infor-
mation in the free troposphere as in Foret et al. [2009]. Coman et al. [2012] shows that
the assimilation of IASI 0-6km improves surface ozone over Europe in summer for their
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Table 4.1 – Bias, Root mean square error (RMSE) and correlation coefficient (R, R2)
for comparisons between model/assimilation experiments and IAGOS dataset in the free
troposphere region (800-300 hPa). Free-R : Free model Run, IASI-R : IASI analyses,
MLS-R : MLS analyses, Combined-R : MLS plus IASI combined analyses.
Free-R IASI-R MLS-R Combined-R
Bias (mPa) 0.39 0.04 1.36 0.30
RMSE (mPa) 1.00 0.81 1.66 0.93
R2 0.29 0.47 0.40 0.51
Table 4.2 – Bias, Root mean square error (RMSE) and correlation coefficient (R, R2) for
comparisons between model/assimilation experiments and IAGOS dataset in the UTLS
region (300-195 hPa). Free-R : Free model Run, IASI-R : IASI analyses, MLS-R : MLS
analyses, Combined-R : MLS plus IASI combined analyses.
Free-R IASI-R MLS-R Combined-R
Bias (mPa) -1.22 -1.18 0.77 0.13
RMSE (mPa) 2.59 2.39 1.78 1.78
R2 0.64 0.71 0.72 0.72
model set up. MLS-R adds a bias of 1 mPa and increases the RMSE by 1 mPa below
300 hPa. This effect is due to a larger amount of ozone transported from the UTLS into
the troposphere when MLS O3 profiles are assimilated (as shown in section 4.2.3.4 and
4.2.4.2). The information provided by MLS O3 profiles (i.e. an increase of the UTLS ozone
fields) is propagated by the model transport processes (i.e. stratosphere to troposphere
transport). In the UTLS region, above 200 hPa, the MLS-R has significantly smaller bias
and RMSE compared to the Free-R while the IASI-R does not differ significantly from
the Free-R. The Combined-R combines the advantage of both IASI-R and MLS-R. Below
500 hPa the Combined-R follows the IASI-R with smaller ozone values, bias and RMSE
than the Free-R. The Combined-R has increased ozone values in the UTLS close to the
MLS-R results, and thus bias and RMSE are also improved with respect to the Free-R.
Between 300 hPa and 400 hPa, the Combined-R displays a transition region between the
free troposphere and UTLS where the ozone profiles are biased (+0.5 mPa).
The spatial coverage of the IAGOS dataset in the UTLS is very different from the
one of the tropospheric profiles which stay close to the airport location (Frankfurt in this
study). In the UTLS, the IAGOS data distribution are much more distributed in latitude
and longitude ; flights approach their cruise level and start heading towards their desti-
nation. For these reasons, we choose to split the comparison into a free tropospheric part
(between 800 hPa and 300 hPa) mostly relevant for the area around Frankfurt and an
UTLS part (between 300 hPa and 195 hPa) which covers the regional domain. Table 4.1
and 4.2 provides the associated statistics for the free troposphere and for the UTLS region
respectively. On average, the Combined-R has better results than the other experiments.
In the free troposphere, statistical scores are the best for the IASI-R. The Combined-R
and MLS-R present biased signatures at high altitudes between 300 hPa and 400 hPa as
described previously and illustrated by Figure 4.10. The MLS-R and Combined-R show
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degraded RMSE and bias scores compared to the IASI-R. However, the correlation coeffi-
cient is the best value in the Combined-R (R2=0.51). In the UTLS region, statistical scores
are the best for the Combined-R. In table 4.2, the Combined-R has the best statistical
scores for the bias (0.13 mPa), RMSE (1.78 mPa) and correlation coefficient (R2=0.72).
We show thus that the MLS-R experiment overestimates the ozone distribution in the
free troposphere, but the UTLS ozone distribution is strongly improved with respect to the
IAGOS independent data. Despite the IASI-R having the best scores in the troposphere,
IASI observations used here alone are unable to improve the UTLS ozone distributions.
By combining tropospheric ozone columns and stratospheric ozone profiles, Combined-R
displays significantly more realistic ozone distribution in the UTLS and free troposphere.
4.2.4.3 OMI total ozone column
The OMI (Ozone Monitoring Instrument) spectrometer onboard Aura uses the UV-visible
nadir sounding technique to measure chemical constituents and dynamical tracers. In this
study, we use the OMI Level-3 global total column ozone product based on the Differential
Absorption Spectroscopy (DOAS) fitting technique. OMI Level 3 daily global products
are produced by averaging and interpolating data over a grid (0.25◦ ×0.25◦) covering the
whole globe. The horizontal resolution of the OMI dataset is close to the model horizontal
resolution (0.2◦ ×0.2◦). An overview made by McPeters et al. [2008] validates the OMI
total ozone column data products and shows an offset of -0.7% and a standard deviation
of 3.3% with independent data.
In this section we compare the results from the different assimilation experiments
against OMI total ozone columns. Figure 4.11 presents the July average of the total ozone
columns from OMI and from our experiments. Scatter plots are also provided side by side
and show OMI total ozone columns versus assimilation experiments total ozone columns.
Correlation coefficients are indicated directly in each plot. Generally, Free-R total columns
have lower values than seen by OMI. This negative bias is more pronounced over the
British Isles and over the Mediterranean sea. OMI data show high ozone total column
values over the UK and the Western part of the Atlantic ocean. These high ozone total
column values are not present in the Free-R and the IASI-R. Horizontal distributions and
scatter plots for the Free-R and the IASI-R are very similar. This not unexpected since
IASI-R has most of its differences with the Free-R in the troposphere and the troposphere
is only a small fraction of the total column (less than 10% on average). The correlation
coefficient values R2 are similar : 0.64 and 0.67 for the Free-R and the IASI-R, respectively.
The IASI-R does not improve significantly the total ozone columns distribution. Compared
to the Free-R, the MLS-R shows increased total ozone column values between 40◦N and
72◦N. The correlation coefficient R2 in the MLS-R is improved compared to the Free-
R, reaching 0.70 on average. However MLS-R has a strong positive bias of 20 Dobson
Unit (DU) in the northern part of the regional domain between 45◦N and 72◦N. The
Combined-R has clearly the best results overall for total ozone columns compared to OMI
data. Positive biases observed between 45◦N and 72◦N in the MLS-R are significantly
reduced in the Combined-R : R2 has a value of 0.81, the highest overall.
In section 4.2.4.2, tropospheric validation with IAGOS data provides evidence of a
tropospheric bias induced by MLS-R. The tropospheric contribution of MLS-R is visible
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Figure 4.11 – Left hand side, top to bottom : ozone total column fields in Dobson Unit
(DU) averaged on the month of July 2009 for OMI observations, Free model Run (Free-R),
IASI analyses Run (IASI-R), MLS analyses Run (MLS-R), IASI and MLS Dual analyses
Run (Combined-R). Right hand side : corresponding scatter plots of the assimilation
experiments versus OMI observations with correlation coefficients (R, R2). Color of dots
denotes the location in latitude.
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as a positive bias in the total ozone column. The Combined-R reduces this positive bias by
shifting the tropospheric ozone values close to the IASI-R and Free-R to show on average
very realistic total ozone columns values.
Figure 4.12 presents statistical skill scores of daily time-series for the month of July
2009 of the experiments against OMI ozone columns. Bias, RMSE and correlation for
each grid point are presented. The Free-R shows a significant negative bias (between -
12 DU and -24 DU) over western Europe and the Atlantic ocean compared to the OMI
data. Free-R RMSE are also high (between 15 DU and 30 DU) over the same area. The
correlation coefficient (R2) of the Free-R presents significant high values (between 0.7 and
1) over the Northern part of the regional domain (poleward of 45◦ N).
As shown above (figure 4.11), the IASI-R shows no major differences in the ozone total
columns compared to the Free-R. No significant improvements of the bias or RMSE are
observed. In the IASI-R, a negative bias is still significant (around -12 DU) compared to
the OMI data in the Western part of the regional domain, and it is also more extended
spatially than in the Free-R. Correlation coefficients for the IASI-R are found to be similar
to the ones of the Free-R except in the North-West part of the domain where R2 values are
increased. As shown on figure 4.11, the MLS-R presents a positive bias over the Northern
part of the regional domain (between 45◦N and 72◦N). Compared to the Free-R, the RMSE
in the MLS-R present decreased values over the Western part of the regional domain, but
increased values in the Northern part of the regional domain. The correlations coefficients
of MLS-R are better than those of the Free-R over the Western and the Northern part
of the regional domain. The Combined-R shows a much reduced bias compared to all the
other experiments, ranging between -6 DU and 6 DU over most of the regional domain.
RMSE values are also low, with values under 12 DU over the most part of the regional
domain. Higher bias (between 12 DU and 22 DU) are however visible in the location of
Northern border of the regional domain. The IASI data covers the latitude range from
35◦N to 70◦N and the adverse tropospheric influence of MLS at 72◦N and 32◦N cannot be
balanced by the IASI data (see section 4.2.3.5). The Combined-R correlation coefficient
are spatially distributed very similarly as in MLS-R.
In this section it is concluded that, the Combined-R achieves very realistic total ozone
columns against OMI. MLS analyses (MLS-R) improve the variability of the ozone total
column fields (RMSE is decreased and correlation is increased). MLS-R impacts impact
the UTLS and tropospheric ozone fields showing that these atmospheric layers are res-
ponsible for the most of the variability of the total ozone column. This is confirmed by the
assimilation of IASI 0-6km which has no significant effect on the total ozone column va-
riability. We show that MLS-R induces a strong positive bias in the troposphere (through
the transport by the model), the contribution of IASI is required to reduce this bias. The
Combined-R reduces this positive bias while keeping the improved variability observed in
the MLS-R total ozone columns with a very realistic result compared to OMI.
4.2.4.4 Ozone variability
In figure 4.12 the correlations coefficients from all experiments show a dependence on
latitude. Correlation at Northern latitudes are high (between 1 and 0.7) and decrease
at Southern latitudes (between 0.3 and 0). To understand this latitude dependence, we
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Figure 4.12 – Detailed statistics in each grid point for the month of July 2009. Top
to bottom : Free model Run (Free-R), IASI analyses Run (IASI-R), MLS analyses Run
(MLS-R), IASI and MLS combined analyses Run (Combined-R). Left to right : biases ;
Root Mean Square Error (RMSE) ; correlation coefficient (R2). Biases and RMSE are in
Dobson Units (DU).
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Figure 4.13 – (a) Zonal mean of the variability contribution of the total ozone column
(see text for details) for the month of July 2009. Mean zonal winds are over-plotted in
black, Eastward values are in solid lines and Westward values are in dashed lines. With
X1 and X2 indicate the locations of the times series displayed in (b) and (c), respectively.
(b) Time series located in 37◦N, 10◦W and 60 hPa : gray line is 6 hourly values and red
line is daily values. (c) Time series located in 65◦N, 10◦W and 220 hPa : gray line is
6 hourly values and red line is daily values.
110
Assimilation combine´e de colonnes troposphe´riques et de profils
stratosphe´riques d’ozone dans un CTM re´gional.
evaluate the contribution of each 800 m layer in the total column (TC) variability. To
perform this, we have calculated for each 800 m layer a partial column (PC). The varia-
bility contribution of each 800 m layer on the total column can be defined as a function
f of altitude, as follows :
f(φ, zi) =
N∑
j=1
cov(PC(φ, i), PC(φ, j))
var(TC(φ))
(4.5)
where φ is the horizontal coordinate (latitude and/or longitude), zi the altitude for
i = 1, .., N , j = 1, .., N vertical levels. cov and var are the covariance and the variance
operators, respectively. PC and TC are the time series at a given location for partial
column and total column, respectively.
Figure 4.13a shows the zonally averaged f function, computed from 6 hourly Combined-
R ozone fields. For latitudes between 72◦N and 45◦N the most significant contribution to
ozone variability is located between 200 hPa and 300 hPa. For lower latitudes the major
contribution is higher, between 50 hPa and 80 hPa. These two regions correspond approxi-
mately to the location of the strong ozone gradient (see figure 4.1d) at the tropopause and
split next to the subtropical jet. Figure 4.13b and 13c display standardized (signal minus
mean of the sample divided by standard deviation of the sample) time series of ozone
at two different locations marked by X1 and X2, respectively on figure 4.13a. The time
series for X1 (approx. 37
◦N, 10◦W, 60 hPa) is noisy and 6 hourly and daily outputs do not
show clear periodic synoptic pattern. This location above the subtropical jet corresponds
to an area of gravity waves generated by wind shear [Fritts et Alexander, 2003]. The
periodicity of these gravity waves is between 10 h and 24 h [Kawatani et al., 2004]. Thus,
these variations cannot be captured with daily measurements only, and the correlation
between the OMI measurements and daily model outputs is not significant. Conversely,
the signal located at X2 (approx. 65
◦N, 10◦W, 220 hPa) is less noisy and frequencies hi-
gher than 24 h are a principal contribution to the 6 hourly time series. The time series
have synoptic variations, corresponding to the meteorological situation and to the Rossby
wave activity. Because of the relatively long chemical lifetime of ozone in the lowermost
stratosphere, transport associated with Rossby wave perturbations are responsible for a
large fraction of total ozone temporal and spatial varaibility [Hood et al., 1999]. These
variations can be captured when computing the correlation between daily measurements
and model outputs.
4.2.5 Conclusions
In this paper, we have presented results from a combined nadir and limb ozone data
assimilation experiment. We have used MLS stratospheric ozone profiles and IASI tro-
pospheric ozone columns to improve the ozone fields in the stratosphere and troposphere.
To our knowledge this is the first time that tropospheric ozone columns and stratospheric
ozone profiles are assimilated at the same time in a stratospheric and tropospheric model
with an horizontal resolution of 0.2◦. This model configuration is well suited to exploit
the full potential of the IASI data, i.e. an horizontal resolution matching the horizontal
sampling of the IASI instrument. We also take in account the stratospheric influence on
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the tropospheric ozone fields by assimilating MLS O3 stratospheric data. To this end, we
need to use a detailed stratospheric and tropospheric chemical scheme.
Over the period of July 2009 we have quantified the effect of assimilation for each
instrument separately and then in combination. The free tropospheric ozone is principally
decreased by the assimilation of the IASI 0-6km tropospheric columns in the northern
part of the regional domain. The assimilation of the MLS O3 profiles increases the stra-
tospheric ozone fields in the middle and lower stratosphere. The information provided
by MLS analyses in the model is propagated downwards due to the stratosphere to tro-
posphere transport by the model, leading to an increase of the tropospheric ozone. The
combination of MLS and IASI data in the assimilation system shows the stratospheric
effect of MLS analyses and the tropospheric effect of IASI analyses. Synergistic effects of
the combined assimilation are mostly visible in the UTLS region in the Northern half of
the domain. OMF (Observations Minus Forecasts) and OMA (Observations Minus Ana-
lyses) diagnostics show that the stratospheric contribution of IASI 0-6km O3 analyses is
negligible compared to MLS O3 analyses (i.e. the background state is not significantly
modified). However MLS O3 analyses have a significant contribution on tropospheric O3
but IASI O3 analyses are able to compensate for this effect over the most part of the
European domain (where data density is sufficient).
The different assimilation runs and free model run have been compared to independent
data (IAGOS, OMI and MIPAS). The best match with MIPAS stratospheric ozone profiles
is obtained in MLS analyses (MLS-R) and IASI plus MLS combined analyses (Combined-
R). IAGOS flights have been used for validation of the UTLS and the free troposphere.
MLS analyses (MLS-R) and IASI plus MLS combined (Combined-R) analyses show the
best match with IAGOS data in the UTLS. IASI analyses (IASI-R) and IASI plus MLS
analyses (Combined-R) show the best match with IAGOS data in the free troposphere.
Thus combined IASI and MLS analyses (Combined-R) show the best results overall and
throughout the atmospheric column. A further evaluation against OMI total ozone co-
lumns shows that combined IASI and MLS analyses (Combined-R) have the best scores
for bias, RMSE and correlation in space and time. Combined-R improves the total ozone
column in the model because the structure in the ozone fields is improved in the vertical,
in the horizontal and temporally. The investigation on the total ozone column variability
show that UTLS ozone plays an important role. Two types of variability have been shown
related to gravity waves above the subtropical jet and to Rossby waves in the lowermost
stratosphere.
In this paper we provide high fidelity ozone analyses in the stratosphere and the
troposphere and we show the strong capabilities of the combination of limb and nadir
sounder measurements. This study supports the approach chosen for PREMIER, candi-
date Earth Explorer 7 mission at the European Space Agency (European Space Agency
[2012], http://esamultimedia.esa.int/docs/SP1313-5_PREMIER.pdf) PREMIER, an
Infrared and Microwave limb-viewing mission, is proposed to fly in formation with EU-
METSAT EPS-SG (European Polar Satellite - Second Generation), which will host the
successor instrument of IASI, IASI-NG (IASI - Next Generation). We show here that cur-
rent assimilation systems are readily capable of combining the benefits of limb and nadir
instruments for ozone and exploiting the synergy between them.
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4.3 Conclusions et perspectives
Dans cette e´tude nous avons montre´ que l’assimilation combine´e de profils stratosphe´rique
d’ozone et de colonnes troposphe´riques d’ozone permet de fournir des re´-analyses de haute
qualite´. L’utilisation d’un mode`le a` haute re´solution horizontale permet d’exploiter au
maximum le potentiel des mesures au nadir. Cette e´tude montre que le mode`le sans
assimilation combine´e rencontre des difficulte´s a` repre´senter les forts gradients verticaux
d’ozone qui caracte´risent l’UTLS. Des travaux de recherche pourraient alors eˆtre entrepris
sur l’impact de l’augmentation de la re´solution verticale du mode`le au niveau de cette
re´gion de l’atmosphe`re afin de mieux repre´senter les gradients verticaux. Ce travail ouvre
aussi des perspectives pour utiliser les mesures stratosphe´riques et troposphe´riques pour
construire des ensembles d’assimilation afin de caracte´riser la matrice d’erreur d’e´bauche
du mode`le. Une caracte´risation statistique de la matrice d’erreur d’e´bauche couvrant la
stratosphe`re et la troposphe`re peut eˆtre une ame´lioration du syste`me d’assimilation 3D-
FGAT.
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E´tude sur la couche de transition dans l’UTLS extra-tropicale par
l’assimilation de donne´es MLS O3 et MOPITT CO.
Nous avons vu dans les chapitres pre´ce´dents le lien e´troit entre la dynamique et l’ozone
au niveau de l’UTLS. La qualite´ des champs analyse´s d’ozone est alors de´termine´e par
les re´analyses me´te´orologiques du mode`le ARPEGE qui forcent les champs chimiques
du mode`le MOCAGE. Au dela` de la validation des champs d’ozone par des donne´es
inde´pendantes, la quantification de l’impact de l’assimilation de donne´es d’ozone sur les
e´changes STE a` e´te´ e´value´ par le calcul du flux dans le chapitre 3. Ce calcul cependant
contient beaucoup d’incertitudes par sa formulation et par la variabilite´ de la re´solution
du mode`le. Une autre me´thode, certes moins quantitative que le calcul direct du flux a`
la tropopause, utilisant les relation traceur-traceur permet de diagnostiquer l’activite´ des
e´changes entre la stratosphe`re et la troposphe`re. De manie`re ge´ne´rale, un traceur stra-
tosphe´rique (par exemple O3) et un traceur troposphe´rique (par exemple CO et H2O)
sont utilise´s. Ainsi dans cette dernie`re e´tude nous avons diagnostique´ l’impact de l’assi-
milation de donne´es stratosphe´riques d’O3 et de CO sur l’activite´ des e´changes entre la
stratosphe`re et la troposphe`re.
Ce chapitre s’appuie sur l’article Barre´ et al. [2012a] soumis dans la revue Atmospheric
Chemistry and Physics (Annexe B).
La section 5.1 est un re´sume´ en franc¸ais de l’article en anglais en section 5.2. La section
5.3 pre´sente les conclusions et perspectives de l’e´tude.
5.1 Re´sume´ long de l’article 3
La haute troposphe`re basse stratosphe`re (UTLS) est une re´gion de transition chimique
et dynamique qui joue un roˆle clef dans la compre´hension des relation entre la chimie de
l’atmosphe`re et le climat. Les concentrations de monoxyde de carbone (CO) et d’ozone
(O3) changent rapidement au niveau de l’UTLS. De fortes concentrations d’O3 (de faibles
concentrations de CO) dans la stratosphe`re contrastent avec de faibles concentrations
d’O3 (fortes concentrations de CO) dans la troposphe`re. Holton et al. [1995] a de´fini
la “lowermost stratosphere” (LMS) comme la re´gion en dessous de l’isentrope 380-K et
au dessus de la tropopause dynamique (ge´ne´ralement de´finie entre 1.5 et 3.5 unite´s de
vorticite´ potentielles (PVU) [World Meteorological Organization, 1986]). De pre´ce´dentes
e´tudes, utilisant des mesures in-situ de gaz traces dans la stratosphe`re et la troposphe`re,
ont montre´ que la LMS a des caracte´ristiques chimiques interme´diaires entre la stra-
tosphe`re et la troposphe`re [Fischer et al., 2000; Hoor et al., 2002; Pan et al., 2004]. Des
changements rapides dans la concentrations des traceurs dans le temps et l’espace sont
controˆle´s par les processus de me´lange entre la stratosphe`re et la troposphe`re. Une couche
de transition (ExTL : Extra-tropical Transition Layer) de traceurs atmosphe´riques peut
alors eˆtre conside´re´e dans la LMS et donc localise´e au dessus de la tropopause dynamique.
Des diagnostiques utilisant les corre´lation entre traceurs ont montre´ leur utilite´ pour
localiser et caracte´riser la ExTL pour diffe´rents gaz traces. Fischer et al. [2000], Hoor
et al. [2002] et Pan et al. [2004] ont utilise´ des mesures in-situ ae´roporte´s pour l’analyse
de la corre´lation de diffe´rents gaz traces (H2O, CO, CO2, N2O, NOy and O3) dans la LMS.
Les corre´lations entre traceurs se re´ve`lent eˆtre une me´thode efficace pour diagnostiquer
les STE et les processus de me´lange associe´s. Pan et al. [2007] a propose´ un jeu de 3
diagnostiques pour e´valuer la repre´sentation des processus de transport chimique dans la
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re´gion de la tropopause. Ces diagnostiques peuvent eˆtres applique´s sur des jeu de donne´es
inde´pendantes mais aussi pour les mode`les de chimie atmosphe´rique. Hegglin et al. [2009]
a` montre´ que ces diagnostiques peuvent eˆtre applique´s a` des mesures satellites d’O3, de
CO et de vapeur d’eau (H2O), afin de caracte´riser les variations de l’e´paisseur et de la
localisation de la ExTL, en fonction de la latitude et de la saison a` l’e´chelle globale.
Ces e´tudes montrent que la ExTL se situe autour de la tropopause thermique avec une
e´paisseur entre 1.5 km et 3 km. Une inter-comparaison de mode`les montre aussi que la
faible re´solution verticale ge´ne´ralement utilise´e ne permet pas de repre´senter correctement
la ExTL au niveau de la LMS. A cause de leur faible re´solution, les mode`les surestiment
l’e´paisseur de la ExTL d’environ 2 km et son l’altitude d’1 km en moyenne au dessus de
la tropopause thermique [Hegglin et al., 2010].
Pour contraindre le mode`le utilise´ dans cette e´tude, nous proposons d’assimiler les pro-
fils d’O3 stratosphe´riques restitue´s par Aura/MLS O3 et les profils de CO troposphe´riques
restitue´s par Terra/MOPITT dans le mode`le de chimie transport MOCAGE. Il a e´te´
montre´ que l’assimilation de donne´es satellites permet de surmonter les difficulte´s qu’a le
mode`le MOCAGE a` repre´senter la distribution des constituant chimiques de l’atmosphe`re
au niveau de l’UTLS [Semane et al., 2007; El Amraoui et al., 2010; Barre´ et al., 2012a].
Dans cette e´tude nous proposons de quantifier la valeur ajoute´e de l’assimilation de
donne´es d’O3 et de CO dans la re´gion de la tropopause extra-tropicale. Dans ce but,
nous avons repris le meˆme cas d’e´tude qui avait e´te´ pre´sente´ par El Amraoui et al. [2010].
Ce cas d’e´tude montre une intrusion d’air stratosphe´rique dans la troposphe`re la 15 Aouˆt
2007 au dessus de ıˆles Britanniques. (50◦N,10◦W). Dans cette pre´ce´dente e´tude, une va-
lidation de´taille´e a` de´montre´ la capacite´ de l’assimilation de profils MLS O3 (analyses
d’O3) et de MOPITT CO (analyses de CO) a` mieux repre´senter l’e´ve`nement STE. Il
a` e´te´ montre´ de manie`re qualitative que les analyses de CO fournissent une meilleure
description que les analyses d’O3. Le jeu de diagnostiques propose´ par Pan et al. [2007]
est utilise´ dans cette e´tude afin de quantifier la capacite´ des champs analyse´s d’O3 et de
CO a` repre´senter le cas d’e´tude STE. Nous proposons aussi dans cette e´tude d’appliquer
ces diagnostiques a` l’e´chelle globale aux latitudes extra-tropicales pour le mois d’aouˆt
2007. Cela nous permettra alors de quantifier la capacite´ des analyses d’O3 et de CO a`
mieux repre´senter la ExTL chimique entre la stratosphe`re et la troposphe`re aux latitudes
extra-tropicales pour l’e´tat moyen de l’atmosphe`re a` l’e´chelle globale. Cette e´tude permet
d’e´tablir statistiquement la qualite´ de la repre´sentation de la ExTL extra-tropicale par
l’assimilation de donne´es de CO et d’O3.
Dans cette e´tude on comparera deux champs diffe´rents d’O3, i.e. le mode`le seul (free
run) et les analyses d’O3, et deux champs diffe´rents de CO, i.e. le mode`le seul (free run)
et les analyses de CO. On e´tudiera comparativement donc 4 relations O3-CO. Dans un
premier temps, nous nous sommes concentre´s sur le cas d’e´tude STE. L’e´tude des relations
O3-CO permet d’e´tablir une quantification de la hauteur et de l’e´paisseur de la couche de
transition. La relation O3-CO pour les ”free runs montre” une ExTL d’environ 3 km qui est
centre´e a` 0.5 km au dessus de l’isentrope 360-K (i.e., 1.5 km au dessus de la tropopause
thermique). Cette distribution montre un comportement typique des mode`les, c’est a`
dire une surestimation de l’e´paisseur de la ExTL et de son altitude (i.e. au dessus de la
tropopause thermique). Les analyses d’O3 ont tendance a` e´tirer la distribution de la ExTL
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vers la surface a` cause d’une augmentation des valeurs de concentration d’O3 au niveau
de l’UTLS. Cela e´largit l’e´paisseur de la ExTL d’environ 1 km et descend son altitude
moyenne de 1 km plus proche de la tropopause thermique. Dans ce cas, la distribution
de la ExTL montre des valeurs maximales au niveau de la tropopause thermique ce qui
montre la capacite´ des analyses d’O3 a` repre´senter l’e´ve`nement STE. Les analyses de CO,
quant a` elles, permettent de re´duire l’e´paisseur de la ExTL en re´duisant l’extension de sa
distribution du cote´ stratosphe´rique d’environ 0.4 km. L’altitude de la ExTL se trouve
alors sur l’isentrope 360-K. La signature de l’e´ve`nement STE n’est pas identifie´e a partir
des analyses de CO, a` cause de la faible sensibilite´ des diagnostiques aux variations de CO
en troposphe`re. En combinant l’information fournie pas les analyses d’O3 et les analyses
de CO, la distribution de la ExTL a` une altitude et une forme plus re´aliste centre´e sur la
tropopause thermique.
Dans une seconde partie nous avons focalise´ l’e´tude a` l’e´chelle globale sur le mois d’aouˆt
2007. En comparaison du free run, les analyses d’O3 montrent un e´talement de la ExTL
vers la surface ce qui a` pour effet de de´placer la position moyenne de la ExTL plus proche
de la tropopause thermique. Les analyses de CO re´duisent l’e´talement stratosphe´rique
de la ExTL qui a` aussi pour effet de baisser la localisation moyenne de la ExTL vers la
tropopause thermique. Quand les analyses d’O3 et de CO sont utilise´es simultane´ment
dans les diagnostiques, un effet synergique est observe´. L’altitude moyenne de la ExTL
suit bien celle de la tropopause thermique au dela` des latitudes 50◦N et 50◦S. L’e´paisseur
de la ExTL est globalement re´duite en comparaison avec le free run. Cela montre bien
que l’assimilation des donne´es MLS O3 et MOPITT CO permet de repre´senter de manie`re
plus re´aliste la ExTL entre la stratosphe`re et la troposphe`re. Comme il a` e´te´ montre dans
le cas d’e´tude, un e´change de la stratosphe`re vers la troposphe`re est caracte´rise´ par une
extension troposphe´rique de la ExTL. A l’e´chelle globale, l’extension troposphe´rique vu
par les analyses d’O3 de la ExTL en dessous du niveau 2-PVU montre les e´change de
stratosphe`re vers la troposphe`re en moyenne.
Enfin, il est aussi important de noter que la ExTL extra-tropicale dans l’he´misphe`re
Sud (hiver) est plus mince que dans l’he´misphe`re Nord (e´te´). Cela sugge´rerait que les
processus de me´lange chimiques a` l’UTLS sont plus actifs pendant l’e´te´ dans l’he´misphe`re
Nord que pendant l’hiver dans l’he´misphe`re Sud. Cela ouvre des perspectives pour des
travaux futurs qui requie`rent des simulations sur des e´chelles de temps plus longues (e.g.
plus d’un an) afin d’e´tudier les variation saisonnie`res du comportement de la ExTL.
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5.2 Article 3 - Diagnosing the mixing layer in the
etra-tropical lowermost stratosphere using MLS
O3 and MOPITT CO analyses.
Abstract
The behavior of the Extra-tropical Transition Layer (ExTL) in the lowermost stra-
tosphere is investigated using a Chemistry Transport Model (CTM) and analyses derived
from assimilation of MLS (Microwave Limb Sounder) O3 and MOPITT (Measurements
Of Pollution In The Troposphere) CO data. We use O3-CO correlations to quantify the
effect of the assimilation on the height and depth of the ExTL. We firstly focus on a
Stratosphere-Troposphere Exchange (STE) case study which occurred on 15 August 2007
over the British Isles (50◦N,10◦W). We also extend the study at the global scale for the
month of August 2007. For the STE case study, MOPITT CO analyses have the capa-
bility to sharpen the ExTL distribution whereas MLS O3 analyses provide a tropospheric
expansion of the ExTL distribution with its maximum close to the thermal tropopause.
When MLS O3 and MOPITT CO analyses are used together, the ExTL shows more rea-
listic results and matches the thermal tropopause. At global scale, MOPITT CO analyses
still show a sharper chemical transition between stratosphere and troposphere than the
free model run. MLS O3 analyses move the ExTL toward the troposphere and broaden it.
When MLS O3 analyses and MOPITT CO analyses are used together the ExTL matches
the thermal tropopause poleward of 50◦. This study shows that data assimilation can help
overcome the shortcomings associated with a relatively coarse model resolution. The ExTL
spread is larger in the Northern hemisphere than the Southern hemisphere suggesting that
mixing processes are more active in the UTLS in the Northern hemisphere than in the
Southern hemisphere. This work opens perspectives for studying the seasonal variations of
the ExTL at extra-tropical latitudes.
5.2.1 Introduction
The Upper Troposphere/Lower Stratosphere (UTLS) plays a key role in chemistry-climate
interactions. Carbon monoxide (CO) and ozone (O3) concentrations change rapidly across
the UTLS. High concentrations of O3 (low concentrations of CO) in the lower stratosphere
contrast with low concentrations of O3 (high concentrations of CO) in the upper tropos-
phere. Holton et al. [1995] defined the lowermost stratosphere (LMS) as being below the
380-K isentrope and above the dynamical tropopause (usually defined between 1.5 and
3.5 Potential Vorticity Units (PVU), World Meteorological Organization [1986]). Previous
studies, using in situ measurements of stratospheric and tropospheric trace gases, have
shown that the LMS has intermediate characteristics between the troposphere and the
stratosphere [Fischer et al., 2000; Hoor et al., 2002; Pan et al., 2004]. Rapid changes in
time and space of tracers at the UTLS are controlled by mixing processes between the stra-
tosphere and the troposphere. An Extra-tropical Transition Layer (ExTL) of atmospheric
tracers is present in the LMS above the extra-tropical dynamical tropopause.
Diagnostics using tracer-tracer correlation can locate the ExTL accurately. Fischer
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et al. [2000], Hoor et al. [2002] and Pan et al. [2004] used aircraft in-situ measurements
to provide an analysis of trace gas (H2O, CO, CO2, N2O, NOy and O3) correlations in
the LMS. Trace gas correlations have been shown to be an effective method to diagnose
stratosphere-troposphere exchange (STE) and mixing processes in the LMS region. Pan
et al. [2007] proposed a set of three diagnostics to evaluate the representation of chemical
transport processes in the extra-tropical tropopause. Hegglin et al. [2009] showed that
these diagnostics can be applied to satellite measurements of O3, CO and H2O to cha-
racterize the ExTL seasonal and latitudinal variations in height and depth at the global
scale. A multi-model assessment showed that models with coarse vertical resolution are
unable to represent faithfully the ExTL at extra-tropical latitudes [Hegglin et al., 2010].
Due to their coarse resolution, models overestimate the spread and the location in height
of the ExTL.
To constrain the model used in this study, we assimilate O3 stratospheric profiles from
Aura/MLS (Microwave Limb Sounder) and Terra/MOPITT (Measurements Of Pollution
In The Troposphere) CO tropospheric profiles into the MOCAGE (MOde`le de Chimie
Atmospherique a` Grande Echelle) chemical transport model (CTM). Data assimilation,
which combines observational information and a priori information from a model in an ob-
jective way [Kalnay, 2003], has the capability to reconcile different types of measurements
such as nadir measurements (MOPITT CO) and limb measurements (MLS O3). Data
assimilation has also the capability to overcome possible deficiencies of the MOCAGE
model in the UTLS region (see, e.g., Semane et al. [2007]; El Amraoui et al. [2010]; Barre´
et al. [2012a]). In this study, we propose to quantify the impact of the assimilation of
O3 and CO data on the extra-tropical tropopause region. We use the same case study as
presented by El Amraoui et al. [2010] which considers a deep stratospheric intrusion on
15 August 2007 over the British Isles (50◦N,10◦W). In this previous study, detailed vali-
dation demonstrated the capability of CO and O3 analyses to better represent the STE.
It was shown that CO analyses provide a better qualitative description of the event than
O3 analyses. The set of diagnostics proposed by Pan et al. [2007] are used for this STE
event to quantify the capability of CO and O3 analyses to represent the STE exchange
for this case. We also propose to extend the set of diagnostics from regional to global
scales in the extra-tropics for the month of August 2007. This allows us to quantify the
capability of MOPITT CO and MLS O3 assimilated fields to better estimate the chemical
ExTL behavior in the tropopause region, from a single STE event at the regional scale to
an average state of the atmosphere at the global scale. To our knowledge, this is the first
time that these diagnostics have been used on chemical analyses from different types of
satellite measurements (nadir and limb).
The paper is structured as follows. Section 5.2.2 provides the description of the mo-
del, the remote sensed data and the assimilation system. Section 5.2.3 provides a brief
description of the STE event in August 2007 which was fully analyzed in El Amraoui
et al. [2010]. A set of diagnostics proposed by Pan et al. [2007] are used on this case study
for the different assimilation experiments. Section 5.2.4 extends these diagnostics to the
global scale in the extra-tropics in August 2007. Section 5.2.5 provides a discussion of
results and conclusions.
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5.2.2 Methodology
5.2.2.1 CTM Model and data assimilation system
The MOCAGE model is a three-dimensional CTM for the troposphere and the stratos-
phere [Peuch et al., 1999] which simulates the interactions between physical and chemical
processes. It uses a semi-Lagrangian advection scheme [Josse et al., 2004] to transport the
chemical species. It has 47 hybrid levels from the surface to ∼5 hPa with a resolution of
about 150 m in the lower troposphere increasing to 800 m in the upper troposphere. Tur-
bulent diffusion is calculated with the scheme of Louis [1979] and convective processes with
the scheme of Bechtold et al. [2001]. The chemical scheme used in this study is RACMO-
BUS. It is a combination of the stratospheric scheme REPROBUS (Reactive Procecesses
Ruling the Ozone Budget in the Stratosphere, Lefe`vre et al. [1994]) and the tropospheric
scheme RACM (Regional Atmospheric Chemistry Mechanism, Stockwell et al. [1997]). It
includes 119 individual species with 89 prognostic variables and 372 chemical reactions.
MOCAGE has the flexibility to be used for stratospheric [El Amraoui et al., 2008a], tro-
pospheric [Dufour et al., 2005] and UTLS studies [Ricaud et al., 2007; Barre´ et al., 2012a].
The meteorological analyses of Me´te´o-France, ARPEGE [Courtier et al., 1991], are used
to provide meteorological fields. In this study, the model has a global domain with an
horizontal resolution of 2◦ × 2◦.
The assimilation system used in this study is MOCAGE-PALM [Massart et al., 2005]
implemented within the PALM framework [Buis et al., 2006]. The technique used is 3D-
FGAT (First Guess at Appropriate Time, Fisher et Andersson [2001]). This technique is
a compromise between the 3D-Var (3d-variational) and the 4D-Var (4d-variational) me-
thods. It compares the observations and the model background taking into account the
measurement time and assumes that the increment to be added to the background state
is constant over the entire assimilation window (in this case 3 hours). The choice of this
technique limits the size of the assimilation window, since it has to be short enough com-
pared to chemistry and transport timescales. It has been validated during the assimilation
of ENVISAT data project (ASSET, Lahoz et al. [2007]) and has produced good quality
results compared to independent data and other assimilation systems [Geer et al., 2006].
MOCAGE-PALM has been used to assess the quality of satellite O3 measurements [Mas-
sart et al., 2007]. The MOCAGE-PALM, assimilation products have been used in many
atmospheric studies in relation to the O3 loss in the Arctic vortex [El Amraoui et al.,
2008a], tropics-mid-latitudes exchange [Bencherif et al., 2007], STE [Semane et al., 2007],
exchange between the polar vortex and the mid-latitudes [El Amraoui et al., 2008b], and
diagnosing STE from O3 and CO fields [El Amraoui et al., 2010].
5.2.2.2 Aura/MLS O3 and Terra/MOPITT CO observations
The MLS instrument onboard Aura uses limb sounding to measure chemical constituents
(such as O3) and dynamical tracers between the upper troposphere and the lower mesos-
phere [Waters et al., 2006]. It provides global coverage with about 3500 profiles per day
between 82o N and 82o S. In this study, we use Version 2.2 of the MLS O3 dataset. This
version provides profiles with about 3 - 5 km vertical resolution between 215 and 0.46 hPa.
The along-track resolution of O3 is ∼200 km between 215 and 10 hPa. The MLS data
120
E´tude sur la couche de transition dans l’UTLS extra-tropicale par
l’assimilation de donne´es MLS O3 et MOPITT CO.
are selected following quality flags recommended in the MLS description document (see
http ://mls.jpl.nasa.gov/data/v2-2 data quality document.pdf). Measurements above 10
hPa are not used because of the upper limit of the MOCAGE model, 5 hPa. The measu-
rement precision is in 0.04 ppmv (parts per million by volume) for lower altitudes (215
hPa) and of 0.2 ppmv for higher altitudes (10 hPa).
The MOPITT instrument [Drummond et Mand, 1996] is onboard the Terra plat-
form and measures tropospheric CO with nadir-sounding. The horizontal resolution of
MOPITT CO data (Version 3) is 22 km × 22 km. To prepare the MOPITT data for as-
similation, super-observations are done by averaging data in latitude-longitude bins of 2◦
× 2◦. The super-observations give around 8,000 daily vertical profiles which are retrieved
on 7 pressure levels (surface, 850, 700, 500, 350, 250 and 150 hPa). Information on the
vertical sensitivity is provided by the averaging kernels, which are taken into account in
the assimilation system. At 500 hPa, the retrieval uncertainties are approximately 20% in
the tropics and at mid-latitudes, and 30-40% at high latitudes.
5.2.2.3 Assimilation experiments
In this study, we use the same assimilation experiments performed by El Amraoui et al.
[2010], hereafter LEA2010. The assimilation of MLS O3 stratospheric and UTLS profiles
and the assimilation of MOPITT CO tropospheric profiles started on 20 July 2007 and
involve two independent runs (i.e. the assimilation experiments of O3 and CO are done
separately). The initial conditions for the assimilation were obtained by a free-model run
started from the April climatological field. The assimilated fields of O3 and CO have
been validated for the month of July and August 2007 by LEA2010 using measurements
from ozone sondes, aircraft and other remote sensing instruments. This validation exercise
showed a better agreement of the analyses of each chemical species than the free-model
runs. This previous study has also shown, in a qualitative manner, the added value of
data assimilation on a STE case study on 15 August 2007. In the present study, we firstly
propose to apply the diagnostics suggested by Pan et al. [2007] on the O3-CO relationship
in order to quantify the contribution of each assimilated species to the mixing processes
in the UTLS. Secondly, we apply these diagnostics at the global scale in the extra-tropics
for the month of August 2007.
5.2.3 STE case study on 15 August 2007
In this section, we present the case study of a STE event on 15 August 2007 over the
British Isles. Figure 5.1 shows the O3 and CO fields for MOCAGE and MOCAGE-PALM
(MLS O3 analyses and MOPITT CO analyses) in the tropopause region (260 hPa) between
35◦N - 75◦N and 35◦W - 25◦E. Figure 5.2 shows longitude-pressure cross sections at 59◦N
between 35◦W and 25◦E. These figures display the free model run CO fields (hereafter
model CO) and MOPITT CO analyses (hereafter CO analyses) and free model run O3
fields (hereafter model O3) and MLS O3 analyses (hereafter O3 analyses). The 380-K
isentrope (black solid line) and the 2-PVU (white solid line) contours define the LMS
height range. The STE event shows a deep stratospheric intrusion with high O3 values
(low CO values) coming from polar latitudes spreading southward over Western Europe.
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Figure 5.1 – Longitude-latitude maps at 260 hPa of model O3 (a), model CO (b), O3
analyses (c) and CO analyses (d) for 15 August 2007 at 12 :00 UT
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Figure 5.2 – Zonal cross sections at 59◦N between 40◦W and 40◦E longitude and between
600 and 100 hPa in the vertical for model O3 (a), model CO (b), O3 analyses (c) and
CO analyses (d). The white line corresponds to the 2 potential vorticity units contour.
The black line and green triangles correspond to the 380-K and 360-K isentropic contours,
respectively. The green circle corresponds to the thermal tropopause. Panels are for 15
August 2007 at 12 :00 UT.
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In the latitude-longitude maps, O3 analyses (Fig. 5.1c) show increased values in the
STE structure compared to the model. Conversely, CO analyses (Fig. 5.1d) tend to exhibit
decreased values in the STE structure compared to the model and also increased values
around the STE. Along the vertical, O3 analyses (Fig. 5.2c) show increased O3 in the 200-
300 hPa layer compared to the model O3 field. LEA2010 showed that the O3 maximum
of 500 ppbv located in the intrusion (between 10◦W and 0◦W) shows a better agreement
with independent data (MOZAIC flights and WOUDC ozone sondes) than the model O3
run. For CO analyses, a minimum of CO in the cross section (Fig. 5.2d) is well reproduced
within the stratospheric intrusion (between 10◦W and 0◦W) down to 400 hPa. At the LMS
height range and at longitudes around the intrusion, the CO assimilated fields also display
higher values than the model CO fields. LEA2010 also showed that CO analyses are in
better agreement with independent data than the model CO run. LEA2010 suggested that
O3 analyses have the capability to better represent downward motions because higher O3
values are entrained in the LMS and in the troposphere. LEA2010 also suggested that CO
analyses have the capability to better represent upward (downward) motions, as higher
(lower) CO values are represented in the UTLS than the model CO. A perspective of
LEA2010 was to focus on the quantification of the contribution of O3 and CO assimilated
species in the mixing process between the stratosphere and the troposphere. To quantify
the contribution of each experiment presented here, we have used the three diagnostics
discussed by Pan et al. [2007] :
• 1) O3-CO correlations : to empirically select the CO and O3 values which belong to
the stratosphere, the troposphere and the ExTL.
• 2) Profile comparisons using relative altitude coordinates : to remove the geophysi-
cal variability from the planetary wave activity and to diagnose the effect of data
assimilation on the UTLS CO and O3 gradients.
• 3) Sharpness of the transition : to quantify the depth and the location of the ExTL.
5.2.3.1 Diagnostic 1 : O3-CO correlation
Tracer-tracer correlation methods help to identify the chemical transition between the
stratosphere and the troposphere and the mixing processes in the LMS region [Fischer
et al., 2000; Zahn et al., 2000; Hoor et al., 2002 2004; Pan et al., 2004 2007]. In this section,
we use O3-CO correlations to determine empirically the chemical transition region from
model and analysed fields. Figure 5.3 shows the O3-CO relationships for model O3 vs
model CO (Fig. 5.3a), O3 analyses vs model CO (Fig. 5.3b), model O3 vs CO analyses
(Fig. 5.3c) and O3 analyses vs CO analyses (Fig. 5.3d). As described by Pan et al. [2007],
the O3-CO relationship is ’L’ shaped and has a stratospheric branch (high O3 values and
low CO values) and a tropospheric branch (low O3 values and high CO values). These
two branches can be represented by an approximate quasi-linear relation between O3 and
CO. Between these two branches the relationship between O3 and CO is nonlinear due to
the different chemical composition of the stratosphere and the troposphere.
We have applied the O3-CO correlation diagnostic on 15 August 2007 12 :00 UT
between 30◦W - 10◦E, 40◦N - 65◦N where the STE takes place. The stratospheric branch,
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Table 5.1 – Fitting coefficients for the ExTL region of O3-CO correlations, assuming a
quadratic form y=a2x
2+a1x+a0. CO and O3 values are defined by x and y, respectively.
a2 a1 a0
model O3 vs model CO 9.73×10−2 -1.78×101 9.11×102
O3 analyses vs model CO -2.99×10−1 3.07×101 -3.17×102
model O3 vs CO analyses 5.31×10−2 -9.75 5.77×102
O3 analyses vs CO analyses -8.84×10−2 7.39 2.80×102
where high O3 variability and low CO variability are observed, is empirically identified
with a selection criterion defined by Pan et al. [2007]. In figure 5.2, low CO values are
mainly located in the stratosphere (above the 380-K isentrope) in the MOCAGE CO and
in the MOPITT CO analyses. A quadratic fit is done with the CO values less than 25
ppbv. CO values which are below +3σ (where σ is the standard deviation of the selected
data) from the fit are considered as stratospheric (blue dots on Fig. 5.3). The tropospheric
branch, where low O3 variability and high CO variability are observed, is also empirically
identified with a selection criterion defined by Pan et al. [2007]. In figure 5.2, these low
O3 values are mainly located in the troposphere (below the 2-PVU line) in the MOCAGE
O3 and in the MLS O3 analyses. A linear fit is done with O3 values lower than 70 ppbv.
O3 values which are lower than +3σ from the fit are considered as tropospheric (red
dots on Fig. 5.3). Between these two branches a set of points (green dots on Fig. 5.3)
mark a transitional region which represents the ExTL between the stratosphere and the
troposphere.
The ’L’ shape is detected in the four O3-CO correlations but the transition region
differs significantly between them. The transition region is composed by mixing lines
corresponding to O3-CO vertical relationships for each latitude-longitude location of the
model. To illustrate this concept we have plotted in black the points located between
20◦W and 0◦W on the 59◦N vertical plane corresponding to the stratospheric air mass
intrusion displayed in the cross sections (Fig. 5.2). We also have over-plotted a quadratic
fit of these points in figure 5.3 ; coefficients of the fit are provided in Table 5.1. The model
O3 vs model CO shows a ’convex’ and compact relationship in the ExTL. This compact
relationship shows that the mixing lines connecting the stratosphere and the troposphere
at different locations are similar. Thus, the spatial variability of model CO and model
O3 fields is low in the ExTL. Compared to the model O3 vs model CO correlations,
the O3 analyses vs model CO correlations show an increase of O3 values in the ExTL.
The relationship between O3 analyses and model CO is less compact, showing different
shapes of mixing lines at different locations illustrating the O3 variability induced by MLS
assimilation in the tropopause region (see Fig. 5.2c).
In the location of the intrusion, the mixing lines show a strong ’concave’ shape owing
to the ozone maximum observed between 200 and 250 hPa and between 20◦W and 0◦W.
Figure 5.3b shows that the O3 analyses tended to increase in the ExTL region. The
model O3 vs CO analyses correlations show a more angular ’L’ shape and a less compact
relationship than model O3 vs model CO correlations. In this case CO values are decreased
in the ExTL and tend to be increased in the upper troposphere (see Fig. 5.2d). This effect
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Figure 5.3 – Comparisons of the O3-CO relationships between model O3 vs model CO
(a), O3 analyses vs model CO (b), model O3 vs CO analyses (c) and O3 analyses vs CO
analyses (d) in the area between 30◦W - 10◦E, 40◦N - 65◦N on 15 August 2007 at 12 :00
UT. In all cases, red and blue dots are identified as tropospheric and stratospheric model
grid points, respectively. Black solid lines indicate fits to tropospheric and stratospheric
values and the dashed lines are the +3σ values (where σ is the standard deviation of
the selected data) from those fits. The green dots are identified as the transition between
stratospheric and tropospheric air. The transitional points between 20◦W and 0◦W on the
59◦N vertical plane are in black and are fitted by the gray line. The model O3 vs model
CO fit is over-plotted on (b-d) in dashed orange (see text for details). Within each plot
box a zoom of the transition region is provided (top-right) on each panel.
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is seen in the location of the intrusion since the slope of the fit is decreased compared to the
model O3 vs model CO fit. The minimum of CO visible in the analyses between 300 and
400 hPa and between 20◦W and 0◦W (Fig. 5.2d) (where the dynamical tropopause is the
lowest in height) does not provide a significant change in the ExTL O3-CO correlations.
The O3 analyses vs CO analyses correlations show both the effect of MLS O3 analyses
and MOPITT CO analyses. In the ExTL, O3 values are increased whereas CO values
are decreased. The spread of the O3-CO correlations in the ExTL is increased compared
to the other O3-CO correlations, showing an increased spatial variability of the O3-CO
mixing lines. In this section, we use O3-CO correlations to select empirically the ExTL
points. The impact of assimilation of O3 and CO fields on the correlations is discussed.
We also diagnose in the next sections, how the assimilation of MOPITT CO and MLS O3
data affects the spatial extent of the ExTL.
5.2.3.2 Diagnostic 2 : Profile comparisons using relative altitude coordinates
In the second diagnostic, we analyze the tracer behavior in altitude coordinates relative
to a chosen tropopause level. Because rapid changes in height of tracer concentrations
happen near the tropopause, it is helpful to use a tropopause relative vertical coordinate
to reduce the geophysical variability caused by wave activity at synoptic and planetary
scales. The thermal tropopause has been used as a reference level by Pan et al. [2007] and
Pan et al. [2004] to calculate relative altitudes. The thermal tropopause defined by World
Meteorological Organization [1957] and the dynamical tropopause defined by potential
vorticity can provide double thermal or dynamical tropopause features related to Rossby
wave breaking processes and associated transport [Pan et al., 2009; Homeyer et al., 2010].
These double tropopause structures lead to difficulties in calculating diagnostics and in
their interpretation. Figure 5.2 displays the location of the lower values of the thermal
tropopause (green circles) and the 360-K isentrope level (green triangles). By taking into
account O3 and CO fields, the 360-K contour follows chemical variability in the UTLS.
For these reasons, we have chosen to use the 360-K level as a reference level to calculate
relative altitudes in order to reduce the geophysical variability in the CO and O3 profiles.
We do not assume that the 360-K level is the tropopause level.
Figure 5.4 provides O3 and CO profiles in relative altitude (RALT) coordinates for
the four O3-CO correlations. Blue, red and green dots represent the stratospheric, the
tropospheric and the ExTL CO and O3 values, respectively, as selected in section 5.2.3.1.
Compared to the free model run, O3 analyses (Fig. 5.4c) show more O3 in the ExTL (green
dots) and in tropospheric (red dots) regions. In relative altitude, the ExTL in the O3 ana-
lyses extends into the troposphere by -6 km. It has been shown that the tropospheric O3
concentrations in MLS analyses (with MOCAGE) are increased due to downward trans-
port during the STE event [Barre´ et al., 2012a]. Thus, some increased upper tropospheric
O3 values are greater than the tropospheric threshold defined in section 5.2.3.1. In the
CO profiles, analyses (Fig. 5.4d) show CO values greater than the values of the free run
in the tropospheric region and lower than the values of the free run in the stratospheric
region. This leads to a stronger gradient in the ExTL around RALT=0 km. Because of
the selection criteria defined in section 5.2.3.1, a stronger gradient gives a sharper extent
of the ExTL in RALT coordinates. The distribution of the ExTL points differs signifi-
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Figure 5.4 – O3 and CO profiles in the region between 30
◦W - 10◦E, 40◦N - 65◦N on 15
August 2007 at 12 :00 UT. O3 profiles (ppbv) in altitude coordinates (km) relative to the
360-K level are provided for model O3 vs model CO (a), O3 analyses vs model CO (c)
and O3 analyses vs CO analyses (e). CO profiles (ppbv) in relative altitude coordinates
(km) are provided for model O3 vs model CO (b), model O3 vs CO analyses (d) and O3
analyses vs CO analyses (f). Following selection criteria, red and blue dots are identified
as of tropospheric and stratospheric origin, respectively. The green dots are identified as
the transitional layer between the stratosphere and the troposphere (see text for details).
Black lines represent the mean profile every kilometer and horizontal error bars show
the 1σ standard deviation. Over-plotted gray lines and gray error bars (c-f) are the free
model run mean and standard deviation values for O3 and CO, respectively.
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cantly in the RALT space whether O3 analyses and CO analyses are used separately or
together. If we analyze the differences between Figure 5.4c and Figure 5.4e and between
Figure 5.4d and Figure 5.4f, the selection of the ExTL points differs significantly. In the
O3 profiles, the upper bound of the ExTL (green dots) is decreased by about 1 km. In
the CO profiles, the lower bound of the ExTL is decreased by about 2 km. CO analyses
tend to sharpen in height the ExTL toward the lower stratosphere whereas O3 analyses
expand the ExTL toward the upper troposphere. Where CO analyses and O3 analyses are
used together, the ExTL is lowered by about 1 to 2 km. In the next section, we examine
further the ExTL distribution in RALT space.
5.2.3.3 Diagnostic 3 : Sharpness of the transition
The third diagnostic provides the distribution of the ExTL in relative altitude space (as
defined in sections 5.2.3.1 and 5.2.3.2). The shape of the ExTL distribution will allow us to
quantify its location and depth. Figure 5.5(a-d) displays the distributions for the various
O3-CO relationships : model O3 vs model CO, O3 analyses vs model CO, model O3 vs
CO analyses and O3 analyses vs CO analyses, respectively. The vertical dashed red line
and dotted red lines give the mean location of the thermal tropopause and the standard
deviation from the mean, respectively. Table 5.2 provides the heights of the mean, the
median and the standard deviation of the ExTL distributions in relative altitude space.
The free model run distribution has its mean and median heights at about +0.5 km (1.5 km
above the thermal tropopause) with a standard deviation of 1.4 km. This shows that the
free model run has its ExTL following the 360-K surface in this case study. However,
studies using in situ aircraft measurement show that the ExTL is centered on the thermal
tropopause with a narrower extent than observed in this study [Pan et al., 2004 2007]. In
a multi-model assessment, Hegglin et al. [2010] showed that models simulate a ExTL that
is wider than observed in satellite observations, and shifted above the thermal tropopause.
The low vertical resolution (800 m) in the model UTLS layers and also the low horizontal
resolution (2◦ × 2◦) used in this study is not sufficient to represent the sharp gradients of
O3 and CO observed at the tropopause. This results in a broad transition region in the
UTLS. Thus, in our case, a narrower and a lower altitude distribution would be considered
an improvement.
Compared to the model O3 vs model CO distribution, the O3 analyses vs model
CO distribution shows more spread with a standard deviation of 2 km (Fig. 5.5b and
Table 5.2). The distribution is also skewed toward negative RALT coordinates. Pan et al.
[2004] showed that skewed distributions, particularly toward negative relative altitudes,
indicate active mixing from the stratosphere to the troposphere. The mean and the median
values of the distribution are both about -0.4 km and the maximum of the distribution
at -1.5 km is close to the thermal tropopause. As described in section 5.2.3.2, an increase
of tropospheric O3 values leads to a broadering of the ExTL (down to RALT=-6 km)
in the troposphere. No significant changes in the stratospheric region (positive RALT
values) of the distribution can be noted. The increase of O3 in the upper troposphere
leads to increase the ExTL depth toward negative RALT. Due to the low sensitivity of the
stratospheric selection criterion to the O3 variations, the stratospheric region of the ExTL
is not significantly modified. However, the STE is detected by the tropospheric selection
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Figure 5.5 – Histograms showing the distributions of the ExTL in relative altitude space
in the region between 30◦W - 10◦E, 40◦N - 65◦N on 15 August 2007 at 12 :00 UT. model
O3 vs model CO (a), O3 analyses vs model CO (b), model O3 vs CO analyses (c) and O3
analyses vs CO analyses (d) are displayed in black and model O3 vs model CO distribution
is over-plotted in gray on the plots. Red dashed and dotted vertical lines line show the
mean and the standard deviation of the location of the thermal tropopause, respectively.
The histograms display the absolute frequencies.
criterion. The ExTL distribution shows a maximum and a mean height corresponding to
the thermal tropopause. This is consistent with Figure 5.2c where the ozone gradient in
the O3 analyses follows the thermal tropopause.
Compared to model O3 vs model CO distribution and the O3 analyses vs model CO
distribution, the model O3 vs CO analyses provides a narrower ExTL (Fig. 5.5c). The
mean and the median of the distribution are very close to 0 km and the standard de-
viation is reduced to 1.1 km. Compared to the free model run, CO analyses increase the
CO gradient between the stratosphere and the troposphere and show a narrower ExTL
distribution. However, in this case study the STE characterized by low CO values in the
upper troposphere is not detected by the tropospheric selection criterion (described in
section 5.2.3.1) which is not very sensitive to CO variations. Moreover, the stratospheric
selection criterion is highly sensitive to CO variations. Compared to the model O3 vs
model CO, the spread of the model O3 vs CO analyses distribution is reduced in the
stratospheric region (positive RALT) whereas the tropospheric region (negative RALT)
is not significantly modified. This lowers the mean value of the distribution.
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Table 5.2 – Heights of the mean, median and standard deviation of the ExTL distribution
in relative altitude space (km) for the different experiments.
Mean Median Standard Deviation
model O3 vs model CO 0.58 0.54 1.42
O3 analyses vs model CO -0.39 -0.44 2.01
model O3 vs CO analyses 0.008 0.016 1.12
O3 analyses vs CO analyses -0.85 -0.83 1.43
The O3 analyses vs CO analyses distribution (Fig. 5.5d) has the same shape as the
O3 analyses vs model CO distribution but is narrower. The maximum of the distribution
(-1.5 km) is close to the thermal tropopause and the standard deviation (1.43 km) is
lower than the standard deviation of the O3 analyses vs model CO distribution. The
mean value of the O3 analyses vs model CO analyses distribution (-0.85 km) is close to
the mean value of the thermal tropopause (-0.92 km). The ExTL distribution benefits
from the combination of the information provided by O3 analyses and CO analyses. The
distribution is centered on the thermal tropopause with an extent narrower than the O3
analyses vs model CO distribution. Pan et al. [2004] found using aircraft measurements
that the center of the ExTL is statistically associated with the thermal tropopause and
the thickness of this layer is ∼2 - 3 km in the middle latitudes. The results found with
the analyses are consistent with these previous studies (e.g. Hegglin et al. [2010]). In
table 5.2, the thickness of the ExTL is ∼2.8 km (2σ) and the mean and median values
are lowered by ∼1.4 km. Assimilation of data with vertical information such as MLS
stratospheric O3 profiles or MOPITT CO profiles is well suited for improving the modeled
ExTL in the UTLS. Moreover, because of the rapid overturning of air masses in the
troposphere and high static stability in the stratosphere, stratosphere to troposphere
transport (STT) shows deeper signatures in altitude than troposphere to stratosphere
transport (TST) [Hoor et al., 2002]. Consequently, during STT events, the ExTL will
show a skewed distribution toward negative RALT. This skewed distribution is only seen
with O3 analyses which provide increased O3 values in the LMS and below (see for example
figure 5.2c) and allow detection of the appropriate STT in these diagnoses.
5.2.4 Global mixing layer for the month of August 2007
In this section, we apply the diagnostic of section 5.2.3.3 (Sharpness of the transition)
in the extra-tropics for the month of August 2007 to investigate the impact of data
assimilation of MOPITT CO and MLS O3 on the ExTL representation at the global scale.
The diagnostics have been performed on monthly-averaged model output. In this study,
we only consider extra-tropical latitudes outside the 20◦S - 20◦N range. Figure 5.6(a-d)
shows zonal means of the model O3, model CO, O3 analyses and CO analyses for the
month of August 2009, respectively. Black lines denote the LMS bounds (the lower black
line is the 2-PVU level and the upper black line is the 380-K isentrope) and black dots give
the thermal tropopause location in height. In general, O3 analyses increase the amount of
O3 in the LMS, especially at Northern extratropical latitudes poleward of 50
◦N (by more
than 200 ppbv). CO analyses increase the tropospheric CO values, except between 20◦N
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Figure 5.6 – Zonal averages for the month of August 2007 in relatives altitudes (km) of
model O3 (a), model CO (b), O3 analyses (c) and CO analyses (d). Dashed black vertical
lines mark the regions of interest. The lowermost stratosphere bounds are represented by
the 2-PVU contour in absolute value (lower black line), and the 380-K isentrope (upper
black line). Black dots are the thermal tropopause relative altitudes. Tropical latitudes
are not shown.
and 40◦N, and decrease the lower stratospheric CO values.
We calculate the distribution of the O3-CO ExTL for latitude bands of 10
◦ between
90◦S and 20◦S and between 20◦N and 90◦N with the same selection criteria as in section
5.2.3.1. To be consistent with section 5.2.3, we choose to keep the 360-K level as a reference
altitude for the RALT calculations. In Figure 5.7, we provide the latitudinal variations of
the ExTL distribution : median (red line), deciles (red to pink filled areas), mean (green
line) and standard deviation from the mean (light green lines) in RALT coordinates.
The LMS bounds (the lower blue line is the 2-PVU level and the upper blue line is the
380-K isentrope) and the thermal tropopause (black dots) are also over-plotted in RALT
coordinates. The ExTL distribution is provided for the four experiments : model O3 vs
model CO, O3 analyses vs model CO, model O3 vs CO analyses and O3 analyses vs CO
analyses. Table 5.3 provides mean, median and standard deviation values for the four
regions marked by the dashed vertical lines on Figure 5.6 and 5.7 (90◦S to 50◦S, 50◦S to
20◦S, 20◦N to 50◦N and 50◦N to 90◦N).
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In the model O3 vs model CO distributions, the ExTL has latitudinal variations in
the RALT space (Fig. 5.7a). In the Southern hemisphere, the ExTL follows the 2-PVU
line (mean and median values) although 0.5 to 1 km above it. Equatorward of 50◦S
the mean and median values are located between +0.5 km (20◦N) and -1.5 km (50◦N).
Poleward of 50◦S, the ExTL location in RALT decreases in height and matches the thermal
tropopause (mean and median values -2.2 km). In the Northern hemisphere, the ExTL
is about +1.5 km at 20◦N and +0.5 km 50◦N. At higher latitudes, poleward of 50◦N,
the ExTL decreases to 0 km. This is about 2 km above the thermal tropopause. In both
hemispheres, the standard deviations are reduced from tropical to polar latitudes by
about 0.7 km. The standard deviation of the ExTL distribution shows higher values in
the Northern hemisphere. A wider extent of the ExTL corresponds to deeper exchanges
between the stratosphere and the troposphere (see section 5.2.3) and can be interpreted
at the global scale as the STE activity strength. The wider extent of the ExTL in the
Northern hemisphere also suggests more intense mixing activity in summer than in winter.
Two maxima of ExTL thickness are also identified in both hemispheres near 35◦S and
35◦N corresponding to the location of the subtropical jets where mixing processes occur
[Gettelman et al., 2011]. Pan et al. [2004] deduced from aircraft observations (in the
Northern hemisphere) of O3 and CO a ExTL centered at the thermal tropopause with
a thickness between 2 and 3 km expanding into a thicker layer in the vicinity of the
subtropical jet.
The O3 analyses vs model CO data provides slightly wider distributions for the ExTL
for all latitudes (Fig. 5.7b) with a standard deviation that is increased between +0.11 km
and +0.29 km. When O3 stratospheric profiles are assimilated, the model is unable to
improve the strong O3 gradients observed in the tropopause region. O3 analyses move
the ExTL location to lower altitudes and always have median and mean values of the
distribution below the 380-K level in the LMS region. The mean values of the distributions
are significantly lowered in the Northern hemisphere by -0.42 km in the subtropics and by
-0.74 km in the middle and polar latitudes closer to the thermal tropopause. This is due to
an increase of ozone in the LMS especially in the Northern hemisphere (Fig. 5.6c). Model
O3 vs CO analyses (Fig. 5.7c) show reduction in the ExTL thickness. The layer thickness
is strongly reduced as reflected in a reduction of the standard deviation by about -0.55 km
in the Northern hemisphere and by -0.2 km in the Southern hemisphere. The mean and
the median values match the thermal tropopause poleward of 50◦S but remain 1 to 1.5 km
above poleward of 50◦N. The distribution of O3 analyses vs CO analyses has the best ExTL
representation (Fig. 5.7d). The standard deviations are reduced, between -0.51 km and
-0.22 km in the Northern hemisphere. The mean and median values are consistent with
the thermal tropopause location poleward of 50◦S and 50◦N. In the subtropical latitudes,
the ExTL is located 2 km below the thermal tropopause. This region is subject to the
thermal tropopause break at the location of the subtropical jet providing an instance
of a double tropopause. By averaging the model outputs over one month, the double
tropopause structures have been smoothed. It has been shown that the ExTL in this
region has a contribution from the subtropical jet, the tropical tropopause layer and the
mid-latitudes lowermost stratosphere, forming complex structures in the ExTL as double
thermal tropopause features [Vogel et al., 2011]. The examination of the subtropical ExTL
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merits further investigation but this is out of the scope of this paper.
As described in section 5.2.3.1, stratospheric points are selected using a fit of CO
values under 25 ppbv, and tropospheric points are selected using a fit of O3 values under
70 ppbv. The stratospheric branch has low variability in CO and high variability in O3.
The tropospheric branch has high variability in CO and low variability in O3. During the
MOPITT CO assimilation process, points in O3-CO tracer space are only moved in the
CO dimension quasi-tangentially to the tropospheric branch and quasi-perpendicularly to
the stratospheric branch (see Fig. 5.3). During the MLS O3 assimilation process, points
in the O3-CO tracer space are only moved in the O3 dimension quasi-tangentially to the
stratospheric branch and quasi-perpendicularly to the tropospheric branch. The upper
bound of the ExTL distribution is mostly sensitive to CO variations whereas the lower
bound of the ExTL distribution is mostly sensitive to O3 variations. CO analyses have
more influence on the stratospheric region of the ExTL and reduce the mixing layer depth.
O3 analyses have more influence on the tropospheric region of the ExTL and are not able
to reduce the ExTL depth but have the capability to represent STE at extra-tropical
latitudes.
In this section, we have shown that data assimilation helps to improve the ExTL
representation between the stratosphere and the troposphere at a global scale in the extra-
tropics. CO analyses reduce the spread of the ExTL and O3 analyses lower the location of
the ExTL closer to the thermal tropopause. A combination of these two analyses shows
significant better results than each analyses separately : the ExTL location matches the
thermal tropopause location at middle and polar latitudes and its spread is in the range of
what is observed by in situ and satellite measurements studies. In the Northern hemisphere
Pan et al. [2004] deduced from aircraft observations that the ExTL thickness is 2 - 3 km at
middle latitudes with enhanced values in the vicinity of the subtropical jet. In table 5.2,
the O3 analyses vs CO analyses distribution shows a strandard deviation (2σ) of ∼2.8 km
between 50◦N and 90◦N and of ∼3.4 km between 20◦N and 50◦N. Hegglin et al. [2009]
found in satellite measurements an ExTL depth in extra-tropical latitudes between 1.5 km
and 4 km which match our results of 2 km to 4 km.
5.2.5 Discussions and conclusions
In the present study, we use the statistical diagnostics defined by Pan et al. [2004] and Pan
et al. [2007] to provide a quantitative description of the impact of MLS O3 and MOPITT
CO analyses produced by data assimilation on the ExTL. Firstly, we focus on a STE case
study documented and validated by El Amraoui et al. [2010]. O3-CO relationships are used
to characterize the height and depth of the ExTL. Two different O3 fields are provided,
a MOCAGE free model run and MLS analyses, and two different CO fields are provided,
a MOCAGE free model run and MOPITT analyses. Then four O3-CO relationships are
studied.
The free model run O3-CO relationship shows a 3-km wide ExTL distribution which
is centered 0.5 km above the 360-K isentrope (1.5 km above the thermal tropopause).
This distribution shows the typical behavior of the models representing the atmospheric
composition, namely an overestimation of the ExTL depth and of its location in height,
above the thermal tropopause. MLS O3 analyses extend the spread of the distribution
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Figure 5.7 – Latitudinal height variations in altitude coordinates (km) relative to the
360-K level of the ExTL distribution for model O3 vs model CO (a), O3 analyses vs
model CO (b), model O3 vs CO analyses (c) and O3 analyses vs CO analyses (d) in
August 2007. Red filled contours provide the decile altitudes of the distribution. Red and
green lines are the median and mean altitudes, respectively. Blue lines show the lowermost
stratosphere bounds : the lower line provides the 2-PVU contour in absolute value, the
upper line provides the 380-K isentropic contour. Black dots show the location of the
thermal tropopause. Tropical latitudes are not shown.
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Table 5.3 – Heights of the mean, median and standard deviation of the ExTL distribution
in relative altitude space (km) for the different experiments and for the different regions
over the globe.
90◦S-50◦S 50◦S-20◦S 20◦N-50◦N 50◦N-90◦N
model O3 Mean -2.18 -0.40 1.18 0.12
vs Median -2.23 -0.59 0.92 -0.10
model CO Standard Deviation 0.80 1.57 2.20 1.63
O3 analyses Mean -2.39 -0.76 0.76 -0.62
vs Median -2.46 -0.96 0.41 -0.90
model CO Standard Deviation 0.93 1.73 2.31 1.92
model O3 Mean -2.04 -0.77 0.24 -0.44
vs Median -2.08 -0.90 0.11 -0.49
CO analyses Standard Deviation 0.64 1.32 1.67 1.05
O3 analyses Mean -2.33 -1.12 -0.12 -1.25
vs Median -2.40 -1.27 -0.31 -1.40
CO analyses Standard Deviation 0.80 1.45 1.69 1.41
toward tropospheric altitudes due to an increase of O3 values in the UTLS. This increases
the depth of the ExTL by about 1 km and lowers the mean location, by 1 km, closer to the
thermal tropopause. The ExTL distribution has its maximum at the thermal tropopause
showing the capability of MLS O3 analyses to represent STE exchange. MOPITT CO
analyses have the capability to sharpen the CO gradient in the UTLS. This reduces the
spread of the ExTL on its stratospheric side by about 0.4 km showing a mean location
on the 360-K isentrope. Due to the low sensitivity to CO tropospheric variations of the
diagnostics used in the present study, MOPITT CO analyses do not show a signature
of STE in the ExTL distributions. In combining the information provided by MLS O3
analyses and MOPITT CO analyses, the ExTL distribution has a more realistic shape
and location. The ExTL mean location is centered on the thermal tropopause and the
spread of the ExTL is not increased compared to the free model run. It has been shown
that models simulate an ExTL deeper than observed in aircraft measurements, and shifted
above the thermal tropopause [Hegglin et al., 2010]. This is due to the limited vertical
and horizontal resolutions of the models, as well as the lack of representativeness in the
aircraft observations. However, data assimilation of CO and O3 satellite measurements
helps to improve the representation of the ExTL and overcomes the limitation due to the
relatively low model resolution.
We also extend the diagnostics at global extra-tropical latitudes for the August 2007
time period. MLS O3 analyses show a spread of the ExTL distribution toward the surface
which lowers the mean location of the ExTL, and puts it closer to the thermal tropopause.
MOPITT CO analyses reduce the spread of the ExTL on its stratospheric side which also
lowers the ExTL mean location closer to the thermal tropopause. When MLS O3 analyses
and MOPITT CO analyses are used together, a synergistic effect is observed. The ExTL
location poleward of 50◦N and 50◦S matches the thermal tropopause and the depth of
the ExTL is reduced compared to the free model run O3-CO diagnostics. As shown in the
case study, the STE is characterized by the tropospheric extent of the ExTL. In the global
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diagnostics, MLS O3 analyses increase the tropospheric extent of the ExTL distribution
below the 2-PVU level showing stratospheric O3 intrusions into the troposphere.
It is important to note that the ExTL in the extra-tropical Southern latitudes (win-
ter) is shallower than in the extra-tropical Northern hemisphere (summer). This suggests
that mixing processes in the UTLS are more active in the Northern hemisphere than in
the Southern hemisphere. Further investigation is needed, for example using O3 and CO
fields analyses over longer time scales (e.g. more than one year) to diagnose the seasonal
behavior of the ExTL.
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5.3 Conclusions et perspectives
Dans ce dernier chapitre de the`se nous avons mis de cote´ le domaine a` air limite´e et la
haute re´solution horizontale pour e´tudier la valeur ajoute´e de l’assimilation de donne´es
d’ozone et de monoxyde de carbone a` l’e´chelle globale. Nous avons montre´ que l’assimi-
lation de donne´es permet de surmonter le manque de re´solution mode`le, afin d’avoir une
repre´sentation plus re´aliste des processus de me´lange des espe`ces chimiques au niveau de
l’UTLS. La trop faible re´solution mode`le est une limite connue pour la repre´sentation
des mode`les de chimie de l’atmosphe`re de manie`re ge´ne´rale. Cela se traduit souvent par
une re´gion de transition entre stratosphe`re et troposphe`re trop e´tale´e sur la verticale
(les gradients d’O3 et de CO a` l’UTLS sont trop faibles) et aussi par une surestimation
de l’altitude moyenne de cette re´gion (les processus de me´lange y sont sous estime´s).
L’assimilation de donne´es de CO et d’O3 permet d’ame´liorer cette repre´sentation.
Aussi des perspectives de recherche s’ouvrent a` la suite de ce travail. De fortes diffe´rences
inter-he´misphe´riques sont mises en e´vidence, comme une couche me´lange plus e´paisse dans
l’he´misphe`re Nord qui traduirait une plus forte activite´ des processus de me´lange. Avec la
couverture temporelle des donne´es satellites (de plus d’une dizaine d’anne´es pour certains
sondeurs) dont on dispose maintenant, il est alors envisageable d’e´tudier les variation sai-
sonnie`re et inter-annuelle de la ExTL au niveau de l’UTLS. Un lien entre assimilation de
donne´es chimiques et des the´matiques lie´s a` l’e´tude du climat est alors possible.
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Conclusions et perspectives
La haute troposphe`re - basse stratosphe`re (UTLS) est une re´gion importante pour la
compre´hension des phe´nome`nes me´te´orologiques et du climat. La caracte´risation com-
position chimique pre´cise de l’UTLS et sont impact sur les couches adjacentes de l’at-
mosphe`re restent encore mal repre´sente´s dans les mode`les de chimie de l’atmosphe`re. Par
exemple aux latitudes extra-tropicales, les e´changes de masses d’air de la stratosphe`re
vers la troposphe`re ont une influence significative sur l’e´tat physique et chimique de la
troposphe`re. La forte variabilite´ des champs me´te´orologiques et chimiques qui caracte´rise
l’UTLS requiert une re´solution tre`s accrue des mode`les et donc un couˆt nume´rique tre`s
important. Depuis plus d’une dizaine d’anne´es, la te´le´de´tection spatiale permet de resti-
tuer des mesures me´te´orologiques et chimiques a` l’e´chelle globale avec un e´chantillonnage
spatio-temporel tre`s e´leve´. Suivant les diffe´rents modes de vise´e de ces instruments (vise´e
au lime ou au nadir) l’information contenue dans les observations procurera un contenu
de´taille´ sur la verticale ou l’horizontale localise´ en troposphe`re ou en stratosphe`re. L’assi-
milation de donne´es constitue un moyen efficace de combiner de manie`re objective l’infor-
mation a priori issue des mode`les avec les mesures dont on dispose. Ainsi, elle permet de
caracte´riser les mauvaises repre´sentations syste´matiques des mode`les afin de les corriger.
En ame´liorant les mode`les pour corriger ces biais, on peut alors tirer pleinement partie des
observations assimile´es. L’assimilation de donne´es permet une repre´sentation plus re´aliste
de l’e´tat physique et chimique de la stratosphe`re, la troposphe`re mais aussi de l’UTLS.
Les objectifs de cette the`se s’inscrivent dans le cadre de l’assimilation de donne´es
chimiques de diffe´rents type de sondeurs spatiaux mesurant la stratosphe`re et la tro-
posphe`re. Les mesures d’ozone et de monoxyde de carbone ont e´te´ assimile´es dans le
mode`le de chimie transport MOCAGE dans des configurations globale, a` basse re´solution
horizontale, et re´gionale, a` haute re´solution horizontale, graˆce a` la technique variation-
nelle tri-dimensionnelle 3D-FGAT. Les impacts de l’assimilation de profils d’ozone stra-
tosphe´rique pour une re´solution variable du mode`le sur la troposphe`re ont e´te´ quantifie´s.
En connaissant ces impacts, il a ensuite e´te´ montre´ la forte valeur ajoute´e de l’assimilation
simultane´e de colonnes d’ozone troposphe´rique avec des profils d’ozone stratosphe´rique
dans un mode`le a` haute re´solution. Enfin nous avons pu traiter un cas global, ou` nous
avons compare´ l’assimilation de profils troposphe´riques de monoxyde de carbone avec
l’assimilation des profils stratosphe´riques d’ozone afin de diagnostiquer la couche de tran-
sition chimique au niveau de l’UTLS.
Nous avons assimile´ les donne´es de l’instrument MLS qui fournit des profils d’ozone
stratosphe´riques afin de quantifier l’impact de l’assimilation de donne´es sur la troposphe`re
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pour une re´solution horizontale variable (2◦ et 0.2◦). Dans cette optique, nous avons choisi
deux cas d’e´tude d’intrusion stratosphe´rique observe´s au dessus de l’Europe en Juin et
Juillet 2009 pour montrer les impact combine´s de l’assimilation de MLS et de la haute
re´solution. A haute re´solution les structures filamentaires qui caracte´risent l’intrusion
stratosphe´rique sont bien repre´sente´es par le mode`le. L’assimilation de MLS montre une
meilleure repre´sentation de l’ozone au niveau de l’UTLS que le mode`le seul. En particulier,
a` haute re´solution horizontale l’assimilation de MLS montre des structures d’ozone tre`s
re´alistes et le profil vertical se trouve fortement ame´liore´. Des calcul de re´tro-trajectoires
et de pre´vision ont montre´ l’impact en troposphe`re de l’assimilation de MLS : un biais
augmente´ en troposphe`re mais la repre´sentation plus re´aliste de maxima locaux d’ozone
provenant de la basse stratosphe`re polaire. Cette e´tude montre le besoin important de
l’augmentation de la re´solution des mode`les pour la repre´sentation re´aliste des champs
chimiques a` l’UTLS. D’autre part il faut aussi noter la sous estimation des champs d’ozone
du mode`le au niveau de la basse stratosphe`re polaire, et pour la pe´riode conside´re´e : le
proble`me est-il d’ordre dynamique, chimique ou nume´rique ? On pourrait alors penser a`
diagnostiquer l’information dynamique a` partir des champs d’ozone assimile´s comme l’a
montre´ Semane et al. [2009]. L’examen de la correction des champs de vent sur de longues
pe´riode de temps (plus d’une anne´e) pourrait alors nous permettre de mieux caracte´riser
les causes de la sous estimation de l’ozone dans la basse stratosphe`re polaire.
Nous avons ensuite assimile´ les profils d’ozone stratosphe´riques de l’instrument MLS
avec les colonnes d’ozone troposphe´riques de l’instrument IASI en utilisant une configura-
tion re´gionale au dessus de l’Europe pendant la pe´riode du mois de Juillet 2009. L’e´tude
compare l’assimilation seule et combine´e de IASI et de MLS pour mettre en e´vidence les
possibles effets synergiques de l’assimilation combine´e. L’interpre´tation des incre´ments
d’assimilation et des tests OMA, OMF montre que l’assimilation de MLS a un fort im-
pact sur la troposphe`re et que l’effet de l’assimilation des colonnes troposphe´riques de
IASI sur la stratosphe`re est tre`s ne´gligeable. L’effet est visible de manie`re statistique sur
tout le mois de Juillet 2009. Pour la validation de la stratosphe`re les profils issu de l’instru-
ment MIPAS ont e´te´ utilise´s et montre que l’assimilation de MLS (ainsi que l’assimilation
combine´e) ame´liore le profil d’ozone stratosphe´rique. Les mesures ae´roporte´s MOZAIC
sont utilise´es pour e´valuer les impacts de chaque expe´rience d’assimilation sur l’UTLS
et la troposphe`re. L’assimilation de IASI montre les meilleures re´sultats statistiques en
troposphe`re l’assimilation combine´e de MLS et IASI montre les meilleurs re´sultats au
niveau de l’UTLS. Enfin la comparaison aux mesures de colonne totale d’ozone provenant
d’OMI permet une validation spatio-temporelle statistiquement de´taille´e. L’assimilation
de MLS biaise fortement les valeurs de colonne totale d’ozone mais ame´liore sa variabilite´.
Cependant, l’assimilation de IASI ne montre pas de forts impacts sur la colonne totale
d’ozone. L’assimilation combine´e de MLS et IASI montre la meilleure ade´quation avec
les mesures OMI par rapport au mode`le seul. Le biais, l’e´cart quadratique moyen sont
significativement ame´liore´s en moyenne de 15 et 12 DU respectivement. La corre´lation
(R2) quant a` elle montre des valeurs supe´rieures a` 0.8 dans la moitie´ Nord du domaine
re´gional. Cet ensemble de validations montre que la structure verticale du champ d’ozone
dans le mode`le MOCAGE est fortement ame´liore´e. L’assimilation combine´e de profils
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stratosphe´rique mesure´s au limbe et et de colonne partielles mesure´es au nadir permet de
fournir des re´-analyses de haute qualite´. Cette e´tude ouvre des perspectives quant a` la
caracte´risation de la matrice d’erreur d’e´bauche comme l’a fait Massart et al. [2012] pour
la stratosphe`re mais e´tendu a` la troposphe`re graˆce aux mesures de IASI.
Enfin dans une troisie`me partie, nous avons analyse´ le comportement de la couche de
transition extra-tropicale (ExTL) au niveau de l’UTLS en assimilant les profils d’ozone
stratosphe´riques provenant des mesures au limbe de MLS et les profils de monoxyde de
carbone troposphe´riques provenant des mesures au nadir de MOPITT. Des diagnostiques
utilisant les corre´lations entre O3 et CO permettent de quantifier l’effet de l’assimilation
de donne´es sur l’altitude et l’e´paisseur de la ExTL. L’e´paisseur de la ExTL nous renseigne
sur l’activite´ du me´lange des masses d’air entre la stratosphe`re et la troposphe`re. Un cas
d’e´tude STE a` e´te´ isole´ au dessus des ıˆles Britanniques en Aouˆt 2007 afin d’e´tudier les
proprie´te´s de la ExTL. L’assimilation des donne´es CO de MOPITT re´duit l’e´paisseur de la
ExTL (qui est surestime´e dans le mode`le MOCAGE) alors que l’assimilation des donne´es
O3 de MLS e´tale cette couche vers la surface et augmente son e´paisseur. La distribution
verticale de la ExTL montre un maximum vers la tropopause thermique quand les donne´es
MLS sont utilise´es. Quand les champs assimile´s de CO et d’O3 sont utilise´s en en meˆme
temps dans les diagnostiques, la ExTL montre un comportement plus re´aliste et se trouve
localise´ vers la tropopause thermique. L’e´tude est aussi e´tendue a` l’e´chelle globale sur tout
le mois d’aouˆt 2007. Comme pour le cas d’e´tude, l’assimilation de donne´es de CO de MO-
PITT montre toujours une ExTL plus fine que le mode`le MOCAGE seul. L’assimilation
de donne´es d’O3 a aussi toujours tendance a` e´taler vers la surface la ExTL. Quand les ana-
lyses de CO et d’O3 sont utilise´es la ExTL suit de manie`re globale la tropopause thermique
pour les moyennes latitudes et les latitudes polaires. Cette e´tude montre dans un premier
temps que l’assimilation de donne´es permet de surmonter le manque de re´solution des
mode`les afin de repre´senter de manie`re plus re´aliste la tropopause chimique. Nous avons
aussi remarque´ que l’e´paisseur de la ExTL est plus importante dans l’he´misphe`re Nord
(e´te´) que l’he´misphe`re Sud (hiver). Cela sugge´rerait une plus forte activite´ des processus
de me´lange a` l’UTLS dans l’he´misphe`re Nord que dans l’he´misphe`re Sud. Ce travail ouvre
des perspectives pour l’e´tude des variations saisonnie`res et inter-annuelles de la ExTL aux
latitudes extra-tropicales. Avec maintenant plus d’une dizaine d’anne´es de mesures satel-
lites pour certains sondeurs, un lien entre assimilation de donne´es chimiques et e´tudes a`
l’e´chelle de´cennale est alors possible.
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Annexe A : Claeyman et al., 2011
Ce travail de the`se a pu contribuer a` l’e´tude suivante, destine´e a` e´valuer la valeur ajoute´e
que peuvent apporter deux instruments satellitaires diffe´rents dans le mode`le MOCAGE
au niveau de la surface. L’article est centre´ sur les experiences de simumation d’obser-
vations (OSSE : observing system simulation experiment) afin de comparer les capacite´s
de deux sondeurs ge´ostationnaires mesurant dans l’infrarouge thermique (TIR) l’ozone
(O3) et le monoxyde de carbone (CO) pour la qualite´ de l’air au dessus de l’Europe.
L’origininalite´ de l’e´tude est d’utiliser les OSSE afin d’e´valuer comment ces sondeurs in-
frarouges peuvent ame´liorer les pre´visions sur la qualite´ de l’air. Le premier instrument
(GEO-TIR) a une configuration optimise´e pour mesurer O3 et CO dans la basse tro-
posphe`re (lowermost troposphere : LmT ; entre la surface et 3 km d’altitude), et le second
instrument (GEO-TIR2) est conc¸u pour mesurer la tempe´rature et l’humidite´. Les deux
instruments mesurent les radiances dans la meˆme feneˆtre spectrale. Les re´sultats montrent
que GEO-TIR a un impact plus significatif sur les analyses d’O3 et de CO dans la re´gion
de la LmT que GEO-TIR2. La valeur ajoute´e des mesures des deux instruments est sur-
tout localise´e au dessus du bassin me´diterrane´en mais aussi au dessus de l’Atlantique et
du Nord de l’Europe. L’impact de GEO-TIR se situe surtout au dessus de 1 km pour
O3 et CO mais ame´liore aussi les champs analyse´s de CO a` la surface. Les analyses de
GEO-TIR2 montrent un faible impact pour l’O3 dans la LmT mais un impact significatif
(cependant plus faible que pour GEO-TIR) sur les valeurs de CO au dessus de 1 km. Les
re´sultats de cette e´tude indiquent l’impact be´ne´fique qu’aurait un instrument infrarouge
ge´ostationnaire (GEO-TIR) de´die´ a` la mesure d’O3 et de CO dans la LmT sur la pre´vision
de la qualite´ de l’air.
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Abstract. This paper presents observing system simulation
experiments (OSSEs) to compare the relative capabilities of
two geostationary thermal infrared (TIR) instruments to mea-
sure ozone (O3) and carbon monoxide (CO) for monitoring
air quality (AQ) over Europe. The primary motivation of this
study is to use OSSEs to assess how these infrared instru-
ments can constrain different errors affecting AQ hindcasts
and forecasts (emissions, meteorology, initial condition and
the 3 parameters together). The first instrument (GEO-TIR)
has a configuration optimized to monitor O3 and CO in the
lowermost troposphere (LmT; defined to be the atmosphere
between the surface and 3 km), and the second instrument
(GEO-TIR2) is designed to monitor temperature and humid-
ity. Both instruments measure radiances in the same spec-
tral TIR band. Results show that GEO-TIR could have a
significant impact (GEO-TIR is closer to the reference at-
mosphere than GEO-TIR2) on the analyses of O3 and CO
LmT column. The information added by the measurements
for both instruments is mainly over the Mediterranean Basin
and some impact can be found over the Atlantic Ocean and
Northern Europe. The impact of GEO-TIR is mainly above
1 km for O3 and CO but can also improve the surface anal-
Correspondence to: M. Claeyman
(marine.claeyman@aero.obs-mip.fr)
yses for CO. The analyses of GEO-TIR2 show low impact
for O3 LmT column but a significant impact (although still
lower than for GEO-TIR) for CO above 1 km. The results
of this study indicate the beneficial impact from an infrared
instrument (GEO-TIR) with a capability for monitoring O3
and CO concentrations in the LmT, and quantify the value of
this information for constraining AQ models.
1 Introduction
The atmospheric composition of pollutants in the lowermost
troposphere (LmT; defined to be the atmosphere between the
surface and 3 km) is a societal issue because it is associated
with air quality (AQ). Poor AQ can lead to negative health
effects such as respiratory problems, heart disease and lung
cancer. Monitoring and forecasting AQ is becoming routine
(e.g. Prev’air in France, Honore´ et al., 2008). This concerns
both gaseous and particle species and includes ground-level
ozone (O3), nitrogen oxides (NOx) and suspended particulate
matter (PM), all of which are identified as potential health
hazards (Brunekreef and Holgate, 2002).
O3 is a key trace gas in the troposphere that plays a signif-
icant role in atmospheric chemistry, air quality and radiative
forcing (e.g. Jacob, 2000). It is a secondary pollutant pro-
duced by the photochemical oxidation of hydrocarbons and
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carbon monoxide (CO) in the presence of nitrogen oxides
(NOx). It is a precursor to the formation of the hydroxyl rad-
ical which impacts the oxidizing capacity of the atmosphere.
It is also an irritant gas which can affect severely the res-
piratory tract and cause damage to vegetation (Seinfeld and
Pandis, 1997). In Europe, tropospheric O3 levels increased
rapidly between 1970 and 1990 as a result of increases in
precursor emissions (e.g. Lamarque et al., 2005); but this
increase has slowed down or declined since 1990 (e.g. Olt-
mans et al., 2006). CO is a reactive gas which also plays
an important role in tropospheric chemistry (Jacob, 2000). It
is an O3 precursor and a tracer of pollution (e.g. Turquety
et al., 2009). In addition to atmospheric chemical sources,
CO is also a primary pollutant, emitted during incomplete
combustion processes, which makes CO a good tracer for ur-
ban/industrial fossil fuel burning (e.g. Branis, 2009), wild-
fires (e.g. Cristofanelli et al., 2009) and tropical biomass
burning (e.g. Edwards et al., 2006; Pradier et al., 2006).
In Europe, despite the definition and the implementation
of regulations and laws regarding pollutants, AQ is still a
concern for the public and the authorities. Reduction of the
AQ impact on health may be achieved both with long- and
short-term actions (Menut and Bessagnet, 2010). Long-term
actions concern global improvement of AQ by reducing an-
thropogenic emissions. Short-term actions consist in antic-
ipating pollution events, a few days before they happen, to
warn the public in advance in order to reduce exposure and
help authorities take effective emission reduction measures.
AQ monitoring and forecasting is required to achieve these
actions.
Current monitoring and forecasting systems mostly rely
on three-dimensional models (e.g. Vaughan et al., 2004; Mc-
Keen et al., 2005; Honore´ et al., 2008; Hollingsworth et al.,
2008). Traditionally, AQ monitoring has been done using
measurements from ground-based stations. Ground-based
in situ observations have the disadvantage of an inhomoge-
neous spatial coverage, and present a strong variability in
their spatial representativeness, their measurement methods
and correction factors (Ignaccolo et al., 2008). The main ad-
vantage of satellite observations is the good spatial coverage.
Ground-based observations and satellite observations of pol-
lutants complement each other; the former sample the sur-
face, the latter sample in the vertical, typically as a column.
For AQ purposes, satellite observations have to measure tro-
pospheric composition at adequate spatial (∼10× 10 km2)
and temporal (∼1 h) resolution (Fishman et al., 2008; Mar-
tin, 2008). To complement in situ information (e.g. AQ net-
works, sondes, aircraft measurements), denser observations
at continental scales in the lowermost troposphere (LmT; de-
fined to be the atmosphere between the surface and 3 km)
are needed for AQ relevant species (e.g. O3 and CO). These
observations can only be provided by a Geostationary Earth
Orbit (GEO) platform (Bovensmann and Orphal, 2005; Ed-
wards, 2006).
Several GEO missions have been proposed to monitor
AQ. In the USA, the GEO-CAPE mission (National Re-
search Council, 2007) dedicated to the measurement of tro-
pospheric trace gases is planned toward the end of the
decade. In Japan, a similar mission has been proposed by
the Japan Society of Atmospheric Chemistry to monitor O3
and aerosols (including their precursors) from GEO (Aki-
moto et al., 2008) and has been recently endorsed by the
Japanese Space Agency (JAXA). In Korea, the National In-
stitute of Environmental Research is planning GEMS (Geo-
stationary Environment Monitoring Spectrometer, Lee et al
2010) program to be launched in 2017–2018 onboard a MP-
GEOSAT (Multi-Purpose GEOstationary SATellite) which is
supposed to be the successive mission of COMS (Commu-
nication, Ocean and Meteorological Satellite). In Europe,
several GEO missions have been proposed to monitor tropo-
spheric constituents at high temporal and spatial resolution
such as GeoTrope (Burrows et al., 2004) and GeoFIS (Flaud
et al., 2004; Orphal et al., 2005). The Meteosat Third Gen-
eration – Thermal Infrared Sounder (MTG-IRS) is a planned
mission to be launched from 2017. MTG-IRS will be able to
provide information on horizontally, vertically, and tempo-
rally resolved water vapour and temperature structures of the
atmosphere. It will also be able to provide O3 and CO mea-
surements in the troposphere, using the long-wave infrared
and the mid-wave infrared bands respectively.
The sentinel 4 UVN (ultraviolet-visible-near infrared)
payload is also a planned mission and will be deployed on
the two MTG-Sounder (MTG-S) satellites in GEO orbit over
Europe; UVN is expected to provide measurements of O3
and nitrogen dioxide column, and aerosol optical depth. To
complement Sentinel 4 UVN, the missionMonitoring the At-
mosphere from Geostationary orbit for European Air Qual-
ity (MAGEAQ) has been proposed as a candidate for the
Earth Explorer Opportunity Mission EE-8 call of the Euro-
pean Space Agency (Peuch et al., 2009, 2010). MAGEAQ is
a multispectral instrument (thermal infrared and visible) de-
signed to provide height-resolved measurements of O3 and
CO in the LmT.
A method to determine the beneficial impact of future in-
struments is the Observing System Simulation Experiment
(OSSE) (Atlas, 1997). This method is widely used in the me-
teorological community for assessing the usefulness of new
meteorological satellite data (e.g. Lahoz et al., 2005; Stoffe-
len et al., 2006; Masutani et al., 2010b). There are actually
few studies concerning OSSEs on chemical species. How-
ever, two recent OSSE studies have been conducted concern-
ing a GEO platform for AQ purposes. The first one consists
of an OSSE for CO in the LmT using a multispectral (near-
infrared and thermal infrared) instrument (Edwards et al.,
2009). The second one concerns a satellite imager to monitor
the aerosol optical depth to improve ground level particulate
analyses and forecasts (Timmermans et al., 2009).
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The aim of this paper is to present a new OSSE for a GEO
instrument in the thermal infrared band (called GEO-TIR)
with instrument characteristics optimized to monitor O3 and
CO in the LmT. GEO-TIR presents instrument characteristics
(signal to noise ratio: SNR and spectral sampling interval:
SSI) equivalent to the thermal infrared instrument proposed
in the MAGEAQ mission and described in Claeyman et al.
(2011). In order to accurately assess the impact of GEO-
TIR O3 and CO observations in an AQ model, we perform
several OSSEs to evaluate the sensitivity of the analyses to
various key parameters: emissions, meteorology and initial
conditions, and for all these parameters simultaneously. We
also perform OSSEs for another GEO thermal infrared in-
strument but with instrument characteristics optimized for
temperature and humidity (GEO-TIR2) to evaluate the rel-
ative added value of GEO-TIR with respect to GEO-TIR2.
GEO-TIR2 has SNR and SSI similar to those of MTG-IRS
(Clerbaux et al., 2008a; Stuhlmann et al., 2005). We first
evaluate the added value over Europe of GEO-TIR in the
LmT column considering several statistical measures (cor-
relation, bias, standard deviation) and then, the vertical im-
pact of GEO-TIR, considering several AQ statistical mea-
sures (e.g. good detection, false alarms, missing events).
This paper is organized as follow. In Sect. 2, we describe
the OSSE method, the chemistry transport model (CTM), the
assimilation scheme used, the synthetic observations, the dif-
ferent experiments, and the statistical measures. In Sect. 3,
we discuss the added value of GEO-TIR in an AQ model
in the LmT, by comparison with GEO-TIR2. Summary and
conclusions are presented in Sect. 4.
2 Methodology and experiment setup
2.1 The Observing System Simulation Experiment
Observing System Simulation Experiments (e.g. Atlas, 1997)
are used to assess the impact of future observing systems. To
simulate a future observing system, existing observations are
generally replaced by synthetic observations, generated by
sampling a nature run, according to the instrument charac-
teristics (observational geometry, spatial and temporal reso-
lution, errors). In some cases, a subset of the future obser-
vations can be represented by current observations, but the
observing platform of interest is always simulated (see Ma-
sutani et al., 2010a for further discussion). In this study, the
nature run simulates the true state of the atmosphere and the
synthetic observations are simulated through the nature run;
no current observations are used. Synthetic observations are
then assimilated in the control run of the OSSE. The OSSE
discussed is composed of the following elements:
1. A nature run produced using a state-of-the-art model
which represents the true atmosphere.
2. Synthetic observations which are sampled through the
nature run corresponding to the instruments considered.
3. A control run, which yields an alternative representation
of the atmosphere, different from the nature run. In this
study, the control run is a free model run and includes no
assimilated observations. The differences between the
control run and the nature run should ideally be similar
to the differences between a state-of-the-art model and
the real atmosphere.
4. An assimilation run using synthetic observations from
the instruments of interest generated from the nature run
and the same model setup configuration as for the con-
trol run.
5. Assessment of the added value of the instruments of in-
terest by statistical comparison between nature run, con-
trol run and assimilation run. In fact, the assessment
is based on the differences between the nature run and
control run, and between the nature run and assimila-
tion run. If the difference between the assimilation and
the nature run is significantly smaller than the difference
between the control run and the nature run, we conclude
that the instrument of interest has added value.
Note that in the OSSE described in this paper, the future ob-
serving system comprises two GEO observing platforms and
no other observations (e.g. ground stations). We think this is
justified because at this stage we are only interested in pro-
viding a reasonably accurate first order estimate of the added
value of the proposed observing platform. Furthermore, be-
cause of model uncertainties, we focus in providing a com-
parison of the relative performance of two instruments and
not predicting the absolute performance of the two instru-
ments. In a later work, we will extend this study to include a
more complete representation of the future observing system,
including the ground-based network, and refine our estimate
of the added value of the proposed observing platform.
The different elements of the OSSE are described in more
detail below.
2.2 The reference atmosphere
The MOCAGE (MOde`le de Chimie Atmospherique a`
Grande Echelle) model is used to simulate the nature run.
MOCAGE is a three-dimensional CTM for the troposphere
and stratosphere (Peuch et al., 1999) which simulates the
interactions between the dynamical, physical and chemi-
cal processes. It uses a semi-Lagrangian advection scheme
(Josse et al., 2004) to transport the chemical species. Its verti-
cal resolution is 47 hybrid levels from the surface up to 5 hPa
with a resolution of about 150m in the lower troposphere in-
creasing to 800m in the higher troposphere. Turbulent diffu-
sion is calculated with the scheme of Louis (1979) and con-
vective processes with the scheme of Bechtold et al. (2001).
The chemical scheme used in this study is RACMOBUS. It
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is a combination of the stratospheric scheme REPROBUS
(Lefe`vre et al., 1994) and the tropospheric scheme RACM
(Stockwell et al., 1997). It includes 119 individual species
with 89 prognostic variables and 372 chemical reactions.
MOCAGE has the flexibility to be used for stratospheric
studies (El Amraoui et al., 2008a) and tropospheric studies
(Dufour et al., 2004). It is used in the operational AQ moni-
toring system in France: Prev’air (Rouı¨l et al., 2008) and in
the pre-operational GMES (Global Monitoring for Environ-
ment and Security) atmospheric core service (Hollingsworth
et al., 2008).
The model uses 2 nested domains, at 2◦ over the globe
and at 0.5◦ over Europe, from 32◦ N to 72◦ N and from
16◦ W to 36◦ E. The nature run simulation covers the pe-
riod from 1 July 2009 to 1 September 2009. The simu-
lated field for 1 July 2009 has been obtained from a free
run with RACMOBUS started from a June climatological
initial field. The meteorological analyses of Me´te´o-France,
ARPEGE (Courtier et al., 1991) were used to force the dy-
namics of the model every 6 h. The emission inventory
used in the nature run is the inventory provided by TNO
(Netherlands Organization for Applied Scientific Research)
(Visschedijk and Denier van der Gon, 2005), for the Global
and regional Earth-system Monitoring using Satellite and in-
situ data (GEMS) project (Hollingsworth et al., 2008); here-
inafter noted GEMS-TNO. This inventory has a high spatial
resolution of ∼8× 8 km2, and a temporal resolution of 1 h.
It is representative of the year 2003.
2.3 The synthetic observations
In this study, we generate synthetic observations for two
nadir infrared GEO platforms. The first one (GEO-TIR) has
a SSI (0.05 cm−1) and a Noise Equivalent Spectral Radiance
(NESR: 1.00 nW/(cm2 sr cm−1) and 6.04 nW/(cm2 sr cm−1)
for the CO and O3 spectral windows, respectively) ded-
icated to monitoring CO and O3 the LmT (Claeyman
et al., 2011). The second one (GEO-TIR2) has the same
SSI (0.625 cm−1) and NESR (6.12 nW/(cm2 sr cm−1) and
24.5 nW/(cm2 sr cm−1) for CO and O3 spectral windows,
respectively) as MTG-IRS (Stuhlmann et al., 2005). The
spectral window for O3 is taken between 1000 cm−1 to
1070 cm−1 and the one for CO is taken between 2085 cm−1
and 2185 cm−1 for both instruments. The instrument con-
figurations are summarized in Table 1. Considering the high
computing cost associated with generating OSSEs, we define
a pixel size of 0.5◦ × 0.5◦, corresponding to the model spa-
tial resolution and a revisit time of 1 h for both instruments.
A resolution of 0.5◦ × 0.5◦ for AQ monitoring over Europe
is commonly used in operational systems (e.g. Prev’air in
France, Honore´ et al., 2008). Also, we focus here on O3 and
CO, not on NO2 and PM that have more spatial variability.
To represent the synthetic observations in the OSSE, we
need temperature and water vapour fields and their uncer-
tainty. Following the MTG-IRS retrieval study of Clerbaux
Table 1. GEO-TIR and GEO-TIR2 instrument characteristics in
the O3 and CO thermal infrared band: Spectral Sampling Interval
(SSI), Noise Equivalent Spectral Radiance (NESR) and Signal to
Noise Ratio (SNR) calculated for a surface temperature of 280K.
Sensor Band SSI NESR SNR
(cm−1) (nW/(cm2 sr cm−1))
GEO-TIR O3 0.05 6.04 750
GEO-TIR CO 0.05 1.00 190
GEO-TIR2 O3 0.625 24.5 180
GEO-TIR2 CO 0.625 6.12 30
et al. (2008a), we assign uncertainties at each vertical level
of 0.5K for temperature and 10% for water vapour. The
number of pixels at 0.5◦ × 0.5◦ of an instrument onboard a
geostationary platform is very important. In our case, we
have to consider about 100 000 profiles per instrument per
species per day over the defined domain (Europe). Thus, to
study 2 months of synthetic observations for the 2 instru-
ments, we set up a method much faster than using detailed
radiative transfer and retrievals models. In the following we
define the method and its validation.
Retrievals of LmT O3 and CO in the infrared strongly de-
pend on the thermal contrast between the surface and the
air immediately above it (see e.g. Deeter et al., 2007; Ere-
menko et al., 2008; Clerbaux et al., 2009). Several param-
eters (e.g. measurement and temperature error) have to be
taken into account to assess the sensitivity of such retrievals.
However, among these errors, the smoothing error is the main
contributor to the shape of the averaging kernels, which rep-
resents the sensitivity of the retrieval to the true atmosphere
at different altitudes. From these averaging kernels, one can
deduce for example the surface sensitivity of the retrieval.
Because of the strong dependence of the averaging kernels
on the thermal contrast, we construct a look-up table con-
taining the specific values of the thermal contrast and their
corresponding averaging kernels. In addition, to refine the
method, we include in the look-up table other errors such
as the measurement error and the temperature error, assum-
ing a linear regime between thermal contrast and retrieval.
This look-up table is built using the forward model KOPRA
(Karlsruhe Optimized and Precise Radiative transfer Algo-
rithm) (Stiller et al., 2002). The retrieval system KOPRA-fit
(Ho¨pfner et al., 1998), based on the Tikhonov-Phillips regu-
larization is also employed (Tikhonov, 1963; Phillips, 1962).
We generate the averaging kernels and the corresponding co-
variance matrix error for several thermal contrast values be-
tween −20K and 20K with a step of 0.2K representing a to-
tal number of 201 values for each instrument configuration.
The range of thermal contrast values has been established
using statistics on the thermal contrast found in the temper-
ature analyses of the current version of the ARPEGE global
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Table 2. Correlation coefficient, standard deviation (%) and bias (%) between observations generated with the look-up tables and observations
generated with KOPRA-fit, calculated with respect to observations generated with KOPRA-fit for O3 (1st and 2nd columns) and CO (3rd and
4th columns) and for the configurations of GEO-TIR (2nd and 4 thcolumns) and GEO-TIR2 (1st and 3rd columns). These statistics have
been calculated for data with altitudes between the surface and 10 km.
GEO-TIR O3 GEO-TIR2 O3 GEO-TIR CO GEO-TIR2 CO
Corr. Coeff. 0.99 0.99 0.99 0.93
Stdev (%) 4.4 2.3 1.7 4.8
Bias (%) −0.8 1.3 0.1 −0.5
model. This method allows us to provide quickly (with a
speed up factor of more than 70 in terms of CPU) the required
parameters (errors and averaging kernels) that correspond to
any thermal contrast. From these parameters we reconstruct
the different trace gas profiles using the quantity (Rodgers,
2000):
xrsim = A xt + (I − A) xa + ε (1)
with xrsim the simulated retrieved profile, xt the true pro-
file corresponding to the calculated profile (nature run) from
MOCAGE CTM, xa the a priori profile – a climatology over
Europe calculated from the MOCAGE model and A the av-
eraging kernel matrix. ε is defined as a random Gaussian
error with a standard deviation corresponding to the square
root of the diagonal elements of the error covariance matrix.
Note that these quantities are defined in terms of ln(VMR),
where VMR stands for the volume mixing ratio. For further
details on the averaging kernel shapes and covariance matrix
errors of GEO-TIR and GEO-TIR2 the reader should refer to
Claeyman et al. (2011).
A similar method was used in Edwards et al. (2009) to
simulate CO infrared observations using 3 different averag-
ing kernel sets. We validate the method by comparing the
values from the look-up table and the results calculated with
the comprehensive KOPRA-fit method. The details of the
statistics obtained for the validation exercise for both GEO-
TIR and GEO-TIR2 and for observations at altitudes between
the surface and 10 km are shown in Table 2. The statis-
tics show a very good agreement between the values pro-
vided by the look-up table and the KOPRA-fit method. All
the correlation coefficients are greater than 0.9 for both O3
and CO, and for the two instrument configurations. In ad-
dition, standard deviations (between 1.7% and 4.8%) and
biases (between −0.4% and 1.3%) are small. Moreover, the
histograms of the relative difference between the look-up ta-
ble and KOPRA-fit (not shown) show a Gaussian-like shape
around the value 0 confirming the validity of the simplified
approach.
We then use the look-up table to generate observations for
two instrument configurations (GEO-TIR and GEO-TIR2)
over the two months of the study. To account for cloudy
scenes, cloud estimates from meteorological ARPEGE anal-
yses are used to assign a cloud fraction to the observation
pixels. Pixels with a cloud fraction greater than 0.5 are fil-
tered out. The vertical grid is provided by the retrieval, with
a step of 1 km from the surface to 39 km. Since we are inter-
ested in the relative added value, we use for both instruments
the same approximations to generate the observations. This
makes the problem tractable, and is not expected to change
the results.
2.4 The assimilation scheme
The assimilation system used in this study is MOCAGE-
PALM (Massart et al., 2005). The assimilation module
is implemented within the PALM framework (Buis et al.,
2006). The used assimilation technique is the 3D-FGAT
(First Guess at Appropriate Time, Fisher and Andersson,
2001). This technique is a compromise between the 3D-Var
(3d-variational) and the 4D-Var (4d-variational) methods. It
has been validated during the assimilation of ENVISAT data
project (ASSET, Lahoz et al., 2007) and has produced good
quality results compared to independent data and other as-
similation systems (Geer et al., 2006). Further details on the
assimilation system can be found in Massart et al. (2009), El
Amraoui et al. (2008b) and Claeyman et al. (2010). We use
in this study an assimilation window of 1 h.
2.5 The experiments
To study the sensitivity of the OSSEs to various key parame-
ters, we perform several experiments summarized in Table 3.
For these simulations, we also used MOCAGE but with dif-
ferent degraded configurations in order to have an alternative
representation of the atmospheric composition, a priori less
realistic than the nature run. For all experiments (except the
nature run), we perform 3 simulations: the control run with-
out data assimilation, the assimilation run with assimilation
of GEO-TIR and the assimilation run with the assimilation
of GEO-TIR2.
The first sensivity test concerns the input meteorological
forcings. In the nature run we use the ARPEGE analysis
every 6 h whereas in the control run and assimilation run we
use instead 48 h forecasts every 6 h. It is denoted hereafter
EXP1.
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(a) (b)
(c) (d)
Fig. 1. Total CO emitted by day and by model mesh (0.5◦) over Europe on 6 July 2009 with GEMS-TNO emission inventory (a) and global
emission inventory (b). (c) and (d) are as (a) and (b) but for NOx =NO+NO2.
In a second sensitivity test, we change the emission inven-
tory. Instead of the detailed GEMS-TNO inventory used in
the nature run, we use a global inventory where emissions are
given as a monthly mean for biomass burning and a yearly
mean for other sources (Dentener et al., 2006) representing
the year 2000 (EXP2). Both inventories use different daily
and monthly emission factors. Figure 1 shows the emission
map of CO and NOx (NO+NO2, an O3 precursor), emitted
over Europe on 6 July 2009 according to both inventories. In
the GEMS-TNO inventory, emissions show a higher variabil-
ity than in the global inventory. For example, over Paris or
over Madrid the maximum values are higher in the GEMS-
TNO inventory, whereas in Northern Europe or in Spain over
rural areas, CO and NOx emissions are lower in the GEMS-
TNO inventory. However, both inventories show the same
emissions of NOx from ships. In Fig. 2, the emission diurnal
cycle is shown for CO and NOx and emissions are accumu-
lated over Europe for each hour of 6 July 2009. Generally,
more CO and NOx are emitted by the global inventory than
by the GEMS-TNO inventory but locally over large Euro-
pean cities the opposite is the case. Three peaks are observed
in the global inventory at 06:00, 12:00 and 18UTC for both
CO and NOx emissions whereas only 2 are observed at 08:00
and 17:00UTC for CO, and at 08:00 and 18:00UTC for NOx
in the GEMS-TNO inventory.
Fig. 2. Diurnal cycle of CO (black line) and ozone (red line) to-
tal emissions over Europe for the GEMS-TNO emission inventory
(solid line) and for the global emission inventory (dashed line) for
6 July 2009.
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Table 3. Description of the different experiments. The NR experiment represents the nature run or the true atmosphere. The experiments with
a change in the meteorology, emissions and initial condition are referred as EXP1, EXP2 and EXP3, respectively. The experiments with a
change in the meteorology and emission and initial condition are referred as EXP4. The (a), (b) and (c) extensions represent the experiments
with no assimilation, with assimilation of GEO-TIR2 and with assimilation of GEO-TIR, respectively. See text for further details.
Experiment Meteorology emissions Initial condition Assim
NR ARPEGE analysis GEMS free run No
EXP1a ARPEGE forecast 48 h GEMS free run No
EXP1b ARPEGE forecast 48 h GEMS free run GEO-TIR2
EXP1c ARPEGE forecast 48 h GEMS free run GEO-TIR
EXP2a ARPEGE analysis GLOBAL free run No
EXP2b ARPEGE analysis GLOBAL free run GEO-TIR2
EXP2c ARPEGE analysis GLOBAL free run GEO-TIR
EXP3a ARPEGE analysis GEMS changed every week No
EXP3b ARPEGE analysis GEMS changed every week GEO-TIR2
EXP3c ARPEGE analysis GEMS changed every week GEO-TIR
EXP4a ARPEGE forecast 48 h GLOBAL changed every week No
EXP4b ARPEGE forecast 48 h GLOBAL changed every week GEO-TIR2
EXP4c ARPEGE forecast 48 h GLOBAL changed every week GEO-TIR
In the third sensitivity test, the initial conditions are mod-
ified (EXP3). In the nature run, the initial condition from
1 July 2009 is provided from a previous free run. For the con-
trol run and the assimilation runs, we change the initial con-
dition every week by taking the field from the nature run one
week before (e.g. the initial field from 1 July 2009 in the con-
trol run and assimilation runs is provided by the field from
25 May 2009 from the nature run). We repeat this change
every week to keep a significant difference between the na-
ture run and the control run (see Sect. 3); after one week the
influence of the initial condition is very low in the LmT on
O3 and CO concentrations (not shown). This modification
introduces discontinuity in the O3 and CO time-series, and
this effect is considered in the next section.
The last experiment (EXP4) involves all of the 3 sensitiv-
ity tests (meteorology, emissions and initial condition). This
experiment contains the main errors encountered in an AQ
model (e.g. Menut and Bessagnet, 2010), except the chemi-
cal scheme and the transport scheme which are kept the same
for all experiments presented here. Although this may impact
the results of the study, we consider that for this OSSE, the
nature run and the control run, and the nature run and the as-
similation runs have enough realistic differences to make the
experiments meaningful (see Sect. 3).
Table 4 presents the correlation, the bias and the RMS
between the 4 control runs (EXP1a, EXP2a, EXP3a and
EXP4a) and the nature run averaged over 2 months over Eu-
rope (see domain in Fig. 1). The 4 sensitivity tests gener-
ate different errors: EXP1a is characterized by high RMS
(∼10% for O3 and ∼7% for CO) and low bias (0.19% for
O3 and −1.02% for CO); EXP2a by high bias (∼8% for
O3 and CO), high correlation (>0.9) and low RMS (∼5%);
EXP3a by a low correlation (<0.7), high RMS (∼13% for
Table 4. Correlation, bias and RMS in % calculated for ozone and
CO LmT column between the nature run and the control run (a),
between the nature run and GEO-TIR2 assimilation run (b) and be-
tween the nature run and the GEO-TIR assimilation run (c) for the
4 experiments averaged over 2 months (July and August 2009).
Ozone CO
Experiment Corr. Bias RMS Corr. Bias RMS
(%) (%) (%) (%)
EXP1a 0.793 0.19 10.42 0.780 −1.02 6.78
EXP1b 0.800 1.84 10.41 0.814 −0.08 6.27
EXP1c 0.823 0.58 9.64 0.849 −0.10 5.54
EXP2a 0.935 8.60 5.31 0.919 8.46 5.22
EXP2b 0.936 8.41 5.22 0.934 6.24 4.45
EXP2c 0.948 5.74 4.56 0.935 3.59 4.12
EXP3a 0.693 2.07 12.98 0.693 1.73 8.13
EXP3b 0.715 1.66 12.56 0.757 1.59 7.13
EXP3c 0.798 1.26 10.48 0.841 0.75 5.65
EXP4a 0.528 7.78 17.27 0.545 7.11 11.41
EXP4b 0.554 7.16 16.74 0.616 6.23 10.28
EXP4c 0.650 5.77 14.51 0.732 3.91 8.16
O3 and ∼8% for CO) and low bias (∼2%). EXP4a mixes
up all these effects and is characterized by high bias (∼7%),
high RMS (∼17% for O3 and ∼11% for CO) and low cor-
relation (∼0.5). The 4 experiments have thus different char-
acteristics and can bring information on the capabilities of
GEO-TIR and GEO-TIR2 to constrain several parameters in
the LmT.
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2.6 Statistical analysis
The impact of the observations (GEO-TIR and GEO-TIR2) is
evaluated by comparing the results from the control run and
the assimilation runs with the “truth” represented by the na-
ture run. To provide a degree of robustness to our OSSEs, we
perform significance tests to check at the 0.95 and 0.99 con-
fidence limit if differences between the control run and the
nature run and differences between the assimilation runs and
the nature run are significant, as was done in Lahoz et al.
(2005). The null hypothesis is that the means of the differ-
ences between the control run and the nature run and the dif-
ferences between the assimilation runs and the nature run are
the same. The datasets have sufficient data to assume a nor-
mal distribution.
We used the two-sample hypothesis z-test defined as:
Z = |CR − NR| − |AR − NR|√
σ 2CR−NR
N
+ σ 2AR−NR
N
(2)
where NR is the nature run dataset, CR is the control run
dataset, AR is the assimilation run dataset, σ is the root-mean
square (RMS) and N is the number of grid points. Vertical
lines indicate absolute value.
Furthermore, in order to quantify the GEO-TIR and GEO-
TIR2 added values, we compute indicators commonly used
in AQ modelling evaluation: absolute difference, RMS dif-
ference and temporal correlation. For the protection of
public health, the WHO (World Health Organization, 2005;
Krzyzanowski and Cohen, 2008) has established a thresh-
old at 100 µgm−3 of O3 concentrations for the daily max-
imum of a 8-h running average. We use this threshold to
calculate 3 contingency tables: the percentage of good detec-
tions (GD), the percentage of correct analyses above thresh-
old (GD+) and the percentage of false alarms (FA) calculated
as follows:
GD = 100 × (NR1 AR1+NR0 AR0)
N
(3)
GD+ = 100 × NR1 AR1
NR1
(4)
FA = 100 × NR0 AR1
AR1
(5)
where NR1 AR1 represents the number of grid points where
the nature run is greater than 100 µgm−3 and the assimi-
lation run (or control run) is above 100 µgm−3; NR0 AR0
represents the number of grid points where the nature run
is less than 100 µgm−3 and the assimilation run (or con-
trol run) is less than 100 µgm−3; N is the number of all
grid points; NR1 represents the number of grid points where
the nature run is greater than 100 µgm−3; NR0 AR1 repre-
sents the number of grid points where the nature run is less
than 100 µgm−3 and the assimilation run (or control run)
Table 5. Correlation coefficients (2nd column), biases (3rd column)
and root-mean square (4th column) in µgm−3 and in % (in brack-
ets) between ground based station observations and MOCAGE na-
ture run for France from 1 July 2009 to 31 August 2009 computed
on an hourly mean basis.
Species Corr. Bias RMS
Ozone 0.76 12.0 (∼18%) 18.2 (∼26%)
CO 0.63 19.9 (∼17%) 59.9 (∼52%)
is greater than 100 µgm−3; and AR1 represents the number
of grid points where the assimilation run (or control run) is
greater than 100 µgm−3.
3 Results
3.1 Evaluation of the nature run
We compare the nature run provided by the MOCAGEmodel
to O3 and CO ground-based station observations over France
from 1 July 2009 to 31 August 2009, to verify that the nature
run is representative of the “true atmosphere”.
Figure 3 shows the time-series of CO (panels a and b) and
O3 (panels e and f) simulated by MOCAGE (nature run)
and observed by ground stations over France in July and
August 2009. CO from the nature run is generally higher
than CO from ground stations. Some maxima are well rep-
resented (e.g. 28 and 29 July 2009), some maxima are over-
estimated (e.g. 10 August 2009) and some other are underes-
timated (e.g. 19 August 2009). However, most importantly,
the CO concentrations simulated in the nature run are in the
same range of values (globally between 50 and 500 µgm−3)
as those observed by ground stations, and show similar tem-
poral variability. O3 concentrations simulated in the nature
run are also globally overestimated compared to ground mea-
surements. However, the diurnal cycle of production and de-
struction of O3 is well represented in the nature run. The
minima of O3 in the nature run are generally overestimated,
except over particular periods, where the nature run and the
observations show a good agreement (e.g. from 28 July to
1 August; from 5 August to 6 August or from 16 August to
20 August).
Table 5 shows the correlation, the bias and the RMS be-
tween the nature run and the ground stations over France
on a hourly mean basis for O3 and CO. The correlation co-
efficients are 0.76 and 0.63 for O3 and CO, respectively.
For both O3 and CO a positive bias is observed (12 µgm−3
(∼18%) and 19.9 µgm−3 (∼17%), respectively). The
RMS is larger for CO (59.9 µgm−3 ∼52%) than for O3
(18.2 µgm−3 ∼26%) likely because CO concentrations have
a great variability and can be locally very high at the surface
(>1000 µgm−3).
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Fig. 3. Timeseries of the CO concentrations from the nature run (orange) and measured by ground based stations (purple), averaged each
hour over France in July 2009 (a) and August 2009 (b) and respective differences between the nature run and the surface observations –
(c) and (d). (e)–(h) are as (a)–(d) but for O3. For CO, all types of ground based stations are considered because of their limited numbers,
whereas for O3 only “rural” ground stations are considered in order to be closer to the model resolution of 0.5◦ × 0.5◦.
Despite the fact that the simulations are performed using
a horizontal resolution of 0.5◦ × 0.5◦, the results concerning
the comparison between ozone surface observations and the
nature run over France are comparable to those commonly
observed in the current state-of-the art AQ forecasting. For
example, Pagowski et al. (2006) computed bias, RMS and
correlation of hourly concentration forecasts over the East-
ern USA and Southern Canada for July and August 2004.
They used seven AQ models compared to hourly surface
ozone measurements over 350 sites. The bias ranges be-
tween 10.6 and 62.2 µgm−3, the RMS between 33.0 and
74.9 µgm−3 and the correlation between 0.55 and 0.72.
In another study using the French AQ forecasting system
Prev’air, Honore´ et al. (2008) found a bias for the ozone
hourly forecasts of 12.3 µgm−3, a RMS of 28.2 µgm−3 and
a correlation of 0.67. Finally, the scores found for the na-
ture run are in the same range of values than Pagowski et al.
(2006) and Honore´ et al. (2008) which indicates that the na-
ture run can be assumed to be representative of the “true at-
mosphere” over the European domain.
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Fig. 4. 1st and 3rd column: z-test where the absolute difference between GEO-TIR and the NR, and between the CR and the NR are different
at the 0.95 confidence level (orange and red) and 0.99 confidence level (red) for Ozone and CO LmT column, respectively. 2nd and 4th:
same as 1st and 3rd column but for the absolute difference between GEO-TIR and the NR, and between the GEO-TIR2 and the NR. The
1st row is for EXP1 (change in the meteorology), the 2nd row is for EXP2 (change in the emissions), the 3rd row is for EXP3 (change in the
initial condition) and the 4th row is for EXP4 (change in the meteorology, in the emissions and in the initial condition). See text for further
details.
3.2 Spatial distribution of the impact of
geostationary infrared measurements in the
lowermost troposphere
Figure 4 presents the area of Europe where differences be-
tween various experiments are significant at the 0.95 and
0.99 confidence limit for the O3 and CO LmT columns us-
ing the two-sample hypothesis z-test (Sect. 2.6). This test
assesses whether the control run and the GEO-TIR assim-
ilation run; and the GEO-TIR2 assimilation run and the
GEO-TIR assimilation run, are significantly different (with
a confidence limit of 95 and 99%). Figure 4 shows that
EXP2, EXP3 and EXP4 have large areas of significance at
the 0.99 confidence limit (red areas). Areas which are not
significant at the 0.99 confidence limit nor at the 0.95 confi-
dence limit are generally over sea, which is less important
for AQ purposes as we are interested in highly populated
areas. However, EXP1 shows less significant areas at the
0.95 confidence limit than other experiments. All the statis-
tics presented hereafter are for a period of 2 months (July
and August 2009). Statistical differences almost everywhere
indicate that the set ups are very different.
Our objective is to have a statistically robust evaluation
of the added value of GEO-TIR synthetic observations for
air quality hindcasts. However, it will be difficult to sub-
stantiate the reasons for the spatial distribution of the OSSE
increments averaged over two months; indeed, over such a
period, there is a combination of different conflicting effects
explaining variations of the strength of the constraint brought
by GEO-TIR and GEO-TIR2 synthetic observations. These
can only be understood by studying cases on a day-by-day
basis, which is outside the scope of this paper.
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Fig. 5. Correlations (upper panel), absolute difference (middle panel) and root-mean square (lower panel) between the nature run (NR)
and the control run (EXP1a) for the O3 LmT column (1st column) for the experiment with a change in the meteorology (EXP1). For the
2nd and 3rd rows: (i) the 2nd column shows the difference between the nature run and the assimilation of GEO-TIR (EXP1c); and between
the nature run and EXP1a; (ii) the 3rd column shows the difference between the nature run and EXP1c; and between the nature run and
the assimilation of GEO-TIR2 (EXP1b). Red colours indicate that the assimilation of GEO-TIR improves the correlation (1st column) and
reduces the absolute difference (2nd row) or the RMS (3rd row) whereas blue colours indicate a deterioration by using GEO-TIR.
3.2.1 Sensitivity study on meteorology: experiment 1
We performed a sensitivity study using different meteorology
for the control run (EXP1a) and assimilation runs (EXP1b
and EXP1c) compared to the ones used for the nature run, to
determine the capability of GEO-TIR to reduce differences
generated by the meteorology used in our analyses. Figure 5
shows the correlation, the bias and the RMS for the O3 LmT
column between the nature run and the control run and the
improvement added by the assimilation of GEO-TIR com-
pared to the control run and to the assimilation run for GEO-
TIR2.
The correlation between the nature run and the control
run for O3 ranges between 0.5 and 0.9. The added value of
GEO-TIR (red colours) is mainly over Spain, North Africa
and the Atlantic Ocean where the results are significant at
the 0.95 confidence limit. The assimilation of GEO-TIR in-
creases the correlation from ∼0.7 in the control run to ∼0.8
in the GEO-TIR assimilation run, mainly over the Atlantic
ocean and over Spain. Similar results are observed concern-
ing the added value of the GEO-TIR assimilation run com-
pared to the GEO-TIR2 assimilation run: GEO-TIR is closer
to the nature run. The bias between the nature run and control
run for O3 is low (between −8% and 8%) and mainly neg-
ative over the Mediterranean Basin and positive over North-
ern Europe. The GEO-TIR assimilation run reduces the bias
over the Mediterranean Basin and over the Nordic countries,
which are regions with significance at the 0.99 confidence
limit compared to the control run and to the GEO-TIR2 as-
similation run. The RMS between the nature run and the
control run is between 4 and 25% for O3. The GEO-TIR as-
similation run reduces globally the RMS to 5% over sea and
land areas.
Figure 6 shows the same diagnostics but for the CO LmT
column. The correlation between the nature run and the con-
trol run for CO ranges also between 0.5 and 0.9. The positive
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Fig. 6. Same as Fig. 5 (EXP1) but for CO.
impact of the GEO-TIR assimilation run on the control run is
bigger than for O3 with a significant improvement of the cor-
relation (e.g. from 0.7 between the nature run and the control
run to 0.85 between the nature run and the GEO-TIR assim-
ilation run over Spain and France, or from 0.85 between the
nature run and the control run to 0.95 between the nature run
and the GEO-TIR assimilation run over Turkey). The assim-
ilation of GEO-TIR2 also improves the correlation between
the nature run and GEO-TIR2 assimilation run compared to
the correlation between the nature run and the control run
(e.g. over the Atlantic ocean or over Turkey) but the impact
of GEO-TIR is higher. The bias between the control run and
the nature run for CO is low and mainly negative (∼ −3%)
except over the Po valley where the bias is high and positive
(15%). This large difference between the control run and the
nature run over the Po Valley can be explained by differences
in the winds since the meteorology in the nature run is signifi-
cantly different to that in the control and assimilation runs. In
the control run, pollutants are trapped in the Po Valley which
is surrounded by the Alps whereas in the nature run, pollu-
tants are transported by the winds. For this particular event,
the GEO-TIR assimilation run reduces considerably the bias
observed compared to the control run and to the GEO-TIR2
assimilation run, and does this to a lesser extent over France
and Eastern Europe. The RMS between the control run and
the nature run for CO is ∼7% but can reach 25% over the
Po valley. The GEO-TIR assimilation run reduces globally
the RMS observed in the control run and in the GEO-TIR2
assimilation run (∼2%), with a particular emphasis on the
Po valley where the RMS added value is ∼11% compared to
the control run and ∼7% compared to the GEO-TIR2 assim-
ilation run. Note that results observed over the Po valley for
CO are significant at the 0.99 confidence limit.
In this experiment, we have analysed the capabilities of
both instruments to correct errors in the meteorology. The
resulting control run generally shows low biases for both CO
and O3 but impacts the correlation and the RMS. For this par-
ticular experiment, the GEO-TIR assimilation run improves
considerably the RMS and locally the bias and the correla-
tion.
3.2.2 Sensitivity study on emissions: experiment 2
In this experiment (EXP2), we use another emission inven-
tory in the control run (EXP2a) and assimilation runs with
a coarser spatio-temporal resolution than the one used in the
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Fig. 7. Same as Fig. 5 but for the experiment with a change in the emissions (EXP2).
nature run (see Sect. 2.5). Figure 7 shows also the corre-
lation, the bias and the RMS for the O3 LmT column be-
tween the nature run and the control run and the improvement
added by the assimilation of GEO-TIR (EXP2c) compared
to the control run and to the assimilation run for GEO-TIR2
(EXP2b).
The correlation between the nature run and control run is
very high for O3 (>0.95), especially over sea where both
inventories use the same emissions. The impact of the GEO-
TIR assimilation on the correlation coefficient is relatively
small compared to the control run and the GEO-TIR2 as-
similation run and is located over the Eastern Mediterranean
Basin where the correlation between the nature run and the
control run is lower (∼0.7). However, the bias between the
nature run and control run is positive and high (up to 20%)
because emissions of NOx and CO are higher in the inven-
tory used in the control run and assimilation runs (Fig. 2).
The impact of the GEO-TIR assimilation run is very high and
can reduce by a factor of 2 the bias over the Mediterranean
Basin both for the control run and the GEO-TIR2 assimila-
tion run. The RMS between the nature run and control run
for O3 is very low over sea (less than 4%), but over land it
can reach 15% (e.g. Spain, South West of France, Northern
Africa). The GEO-TIR assimilation run reduces by ∼1%
the RMS compared to the control run and to the GEO-TIR2
assimilation run over Southern Europe (except over the At-
lantic ocean) but locally over specific areas (e.g. over Spain),
GEO-TIR can bring an improvement of 5%. Note that the
significance is at the 0.99 confidence limit almost everywhere
for O3 for this experiment (except over a small region over
the Atlantic ocean, see Fig. 4).
Figure 8 shows similar diagnostics to Fig. 7 but for CO.
As for O3, the correlation coefficient between the control
run and the nature run is very high which leads to a very
low impact of GEO-TIR compared to the control run and to
the GEO-TIR2 assimilation run. This impact can locally be
slightly negative (e.g. over the Atlantic ocean). This nega-
tive impact may come from the observation errors, which are
discussed in detail in Claeyman et al. (2011) for an instru-
ment similar to GEO-TIR. As for O3, the bias between the
control run and the nature run is very high and can reach
20% as the inventory used in the control run and assimi-
lation runs emitted more CO, but only locally. Over large
cities (e.g. Paris, Turin, Amsterdam, Saint Petersburg, con-
sistent with the emission map in Fig. 1), the results for CO
in the LmT reflect differences between the global and the
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Fig. 8. Same as Fig. 7 (EXP2) but for CO.
GEMS-TNO emissions inventories. The GEO-TIR assimila-
tion run reduces the overall bias to 15% and 10% over the
Mediterranean Basin compared to the control run and GEO-
TIR2 assimilation run, respectively, but brings little improve-
ment over these large cities where CO concentrations in the
control run and GEO-TIR2 assimilation run are low. The
RMS between the nature run and the control run is ∼7%
over land and very low over the Atlantic ocean, but can lo-
cally reach 20% (e.g. South Italy, Greece). GEO-TIR im-
proves also the RMS compared to the control run and espe-
cially over land and over the Mediterranean Basin compared
to the GEO-TIR2 assimilation run. The RMS of GEO-TIR
degrades over the Atlantic ocean (where significance is not
at the 0.95 confidence limit) but also in South East Europe
compared to GEO-TIR2 assimilation run where the RMS be-
tween the control run and the nature run is low. This can also
be explained by the GEO-TIR observation errors.
In this experiment, we analyse the capability of the 2 ob-
serving systems to correct errors in the emissions. This ex-
periment shows that GEO-TIR is able to considerably reduce
the global bias observed in the control run in the LmT for
both O3 and CO and can also bring significant skill compared
to GEO-TIR2.
3.2.3 Sensitivity study on the initial condition:
experiment 3
In this experiment (EXP3), we change the initial condition
every week (see Sect. 2.5) in the control run (EXP3a) and in
the assimilation runs to quantify the capability of GEO-TIR
(EXP3c) and GEO-TIR2 (EXP3b) to correct for these differ-
ences. Figure 9 shows that the correlation for the O3 LmT
column between the nature run and the control run ranges
between 0.3 (e.g. over Atlantic Ocean or Turkey) and 0.9
(e.g. over Italy). The correlation coefficient for O3 is lower
than in previous experiments (EXP1 and EXP2) since the ar-
tificial modification of the initial condition every week brings
down considerably the correlation. The GEO-TIR assimila-
tion run improves the correlation compared to the control run
and to the GEO-TIR2 assimilation run, both over land and
sea. This positive impact of GEO-TIR can improve the cor-
relation (e.g. from 0.3 between the nature run and the control
run and 0.5 between the nature run and GEO-TIR2 assimila-
tion run up to 0.8 between the nature run and the GEO-TIR
assimilation run over Turkey). The bias between the control
run and the nature run for O3 is low in the Southern part of
Europe and is mainly positive over the Atlantic Ocean and
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Fig. 9. Same as Fig. 5 but for the experiment with a change in the initial condition (EXP3).
over Russia. The added value of GEO-TIR compared to the
control run and the GEO-TIR2 assimilation run is overall low
but positive (∼1%) and is higher over Russia where the sig-
nificance is at the 0.99 confidence limit (but can reach 6%
and 4% compared to the control run and the GEO-TIR2 as-
similation run, respectively). The RMS between the nature
run and the control run is higher in the Northern part of Eu-
rope (∼20%) than in the Southern part (∼7%). The assim-
ilation of GEO-TIR reduces the RMS by ∼2%, particularly
where the RMS difference between the nature run and the
control run is high ∼5% (e.g. Northern Atlantic ocean).
The correlation between the nature run and the control
run for the CO LmT column ranges between 0.3 (e.g. over
Aegean Sea) and 0.9 (e.g. over France and Germany). The
assimilation of GEO-TIR improves considerably the correla-
tion compared to the control run (from ∼0.7 between the na-
ture run and the control run to ∼0.9 between the nature run
and the GEO-TIR assimilation run) over the Mediterranean
Basin, where the significance is at the 0.99 confidence limit.
The GEO-TIR assimilation run also improves the correlation
compared to the GEO-TIR2 assimilation run especially over
the Aegean Sea, Spain and North Africa. The bias and the
RMS between the nature run and the control run for CO are
low: ∼2% for the bias and between 4 and 12% for the RMS.
The impact of GEO-TIR assimilation run on the bias is then
positive but very low compared to the control run and the
GEO-TIR2 assimilation run; and the impact on the RMS is
locally high, 7% and 6% compared to the control run and the
GEO-TIR2 assimilation run, respectively over Turkey and
over Spain, and is positive but low elsewhere.
The modification of the initial condition mainly impacts
the correlation for both CO and O3. This experiment shows
that the assimilation of GEO-TIR can improve considerably
the correlation coefficient over land and sea for the CO and
O3 LmT column.
3.2.4 Sensitivity study on the emissions, meteorology
and initial condition: experiment 4
We perform a final sensitivity test by simultaneously chang-
ing the emissions, the meteorology and the initial condition
(Fig. 11). The control run (EXP4a) for the O3 LmT column
is characterized by low correlation (between 0 and 0.7), high
bias (∼15% on average), and high RMS (∼17% on average)
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Fig. 10. Same as Fig. 9 (EXP3) but for CO.
compared to the nature run. By construction, we expect
this experiment to provide results that differ the most from
the nature run. The impact of the assimilation of GEO-TIR
(EXP4c) is high compared to the control run and the GEO-
TIR2 assimilation run (EXP4b). The added value of GEO-
TIR for the correlation coefficient is positive over Europe and
increases significantly the correlation coefficient (e.g. over
Turkey, Germany, Atlantic Ocean). The GEO-TIR assimila-
tion run reduces the bias by 3% and 2% in average but lo-
cally the impact is ∼5% and ∼6%, compared to the control
run and the GEO-TIR2 assimilation run, respectively. The
RMS is considerably reduced all over all Europe up to 12%
and 10% compared to the control run and the GEO-TIR2
assimilation run, respectively.
The differences between the nature run and the control run
for the CO LmT column (Fig. 12) are similar to those for
O3: low correlation coefficient (between 0 and 0.8), high bias
(∼11% on average) and high RMS (∼11% on average). As
for O3, this CO experiment provides results that differ the
most from the nature run, as expected. The impact of the as-
similation of GEO-TIR is positive over all the Europe, where
the significance is at the 0.99 confidence limit: it increases
the correlation (from 0.4 between the nature run and the con-
trol run and 0.6 between the nature run and the GEO-TIR2
assimilation run up to 0.8 between the GEO-TIR assimilation
run over Turkey), reduces the bias (up to 20% and 15% over
the Po valley compared to the control run and the GEO-TIR2
assimilation run, respectively); and reduces the RMS (up to
14% and 9% over Turkey compared to the control run and
the GEO-TIR2 assimilation run, respectively).
We have presented a statistical analysis over 2 months to
characterize the added value of the two instrument configura-
tions. The results of the 4 experiments show that the assim-
ilation of GEO-TIR improves significantly the O3 and CO
LmT columns compared to the control run and the assimila-
tion of GEO-TIR2. The assimilation of GEO-TIR is able to
effectively constrain the O3 and CO fields perturbed by dif-
ferent sources of error in air quality prognoses: meteorology,
emission, initial state (Table 4).
The added value of GEO-TIR is high over land and over
sea. Concerning results over land, nadir infrared measure-
ments are well known to be sensitive to the LmT with high
thermal contrast and high surface temperature (namely over
land during day) (e.g. Deeter et al., 2007; Eremenko et al.,
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Fig. 11. Same as Fig. 5 but for the experiment with a change in the emissions, meteorology and initial condition (EXP4).
2008; Clerbaux et al., 2009). Concerning results over sea,
they suggest that via direct assimilation and/or transport of
successive increments by the model, the added value of
GEO-TIR also impacts the sea (e.g. vertical and horizontal
transport, Foret et al., 2009).
The largest effects are mainly located over the Mediter-
ranean Basin, where the cloud fraction is smaller and sur-
face temperatures and thermal contrasts are high over coun-
try surrounding coastal areas. In contrast, the added value
of GEO-TIR is rather limited over the North Western part
of the domain (Atlantic Ocean). Due to predominant winds
blowing from the West in the area, air masses are largely in-
fluenced by incoming fluxes situated outside the field of view
of our simulated geostationary platforms, and the effects of
assimilation are mitigated. Also, the spatial distribution of
the efficiency of GEO-TIR simulated observations to bring
the assimilation run statistically close to the nature run are
governed to a large extent by the spatial distribution of the
differences between the nature run and the different control
runs: GEO-TIR can in fact better constrain fields where the
nature and control runs differ most, while where nature and
control runs agree, little effect from the assimilation is ex-
pected, as seen in practice.
3.3 Vertical distribution of the impact of geostationary
infrared measurements in the lowermost
troposphere
In Sect. 3.2, we have quantified the added value of the assim-
ilation of GEO-TIR for four sensitivity studies on the CO and
O3 LmT column over Europe. In this section, we concentrate
on the vertically resolved added value of GEO-TIR in the
lower troposphere (0–5 km) compared to the control run and
the GEO-TIR2 assimilation run. Figure 13 show the corre-
lation, the absolute relative difference and the RMS between
the control run and the nature run, the GEO-TIR2 assimila-
tion run and the nature run, and the GEO-TIR assimilation
run and the nature run, for the four sensitivity studies (EXP1,
EXP2, EXP3 and EXP4) averaged over Europe for 2 months
(July and August 2009) as a function of altitude (surface up
to 5 km) for O3. For the O3 correlation, the impact of the
assimilation of GEO-TIR improves considerably it for EXP3
and EXP4, slightly for EXP1 but is not significant for EXP2.
The vertical improvement of the correlation by the assimila-
tion of GEO-TIR is very low at the surface, slight at 1 km,
but high from 2 to 5 km, whereas the impact of GEO-TIR2
is very low for all levels between the surface and 5 km for
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Fig. 12. Same as Fig. 11 (EXP4) but for CO.
O3. For the absolute relative difference and the RMS, similar
conclusions can be made: the impact of GEO-TIR is highly
dependent on the experiment and the altitude, and reduces
the absolute relative difference and the RMS mainly for alti-
tudes above ∼1 km whereas the impact of GEO-TIR2 is very
low for O3.
The results are highly dependent on the experiments, but
the impact of the assimilation of GEO-TIR improves con-
siderably the O3 analyses compared to the nature run above
1 km. Note that Honore´ et al. (2008) showed that the mean
model absolute relative difference of daily ozone maxima
was mostly under 5 µgm3 (∼7%), RMS was generally less
than 20 µgm3 (∼30%) and temporal correlation was more
than 0.8 on average over Western Europe compared to O3
surface observations, which indicates that the correlation and
the absolute relative difference observed between the nature
run and the control runs are realistic. The RMS in the con-
trol run is underestimated which may be because in the study
from Honore´ et al. (2008) the average is made over land and
over Western Europe, whereas in this study the average is
made over Europe (including the sea where O3 concentra-
tions show less variability at the surface).
Figure 14 shows similar results as Fig. 13 but for CO.
The assimilation of GEO-TIR improves considerably the CO
correlation for EXP1, EXP3 and EXP4 but has little impact
on EXP2, which has already a high correlation coefficient.
The positive impact of GEO-TIR is mainly situated above
1 km except for EXP4, which has a lower correlation (∼0.7);
the assimilation of GEO-TIR improves the correlation at the
surface. The assimilation of GEO-TIR2 CO also improves
the correlation (but not at the surface) but the GEO-TIR as-
similation run is closer to the nature run. The assimilation
of GEO-TIR and GEO-TIR2 also reduces the absolute rela-
tive difference and the RMS, especially for EXP2 and EXP4
which show high biases, but the GEO-TIR assimilation run
is closer to the nature run than the GEO-TIR2 assimilation,
particularly at the surface.
3.4 Ozone evaluation at the surface
As for AQ purposes we are mainly interested by pollutant
surface concentrations, we focus on the added values of both
geostationary instruments on ozone surface concentrations.
We compute the percentage of good detection (GD), the
percentage of correct detection above treshold (GD+) and
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Fig. 13. Correlation (left panel), absolute relative difference in % (middle panel) and RMS difference in % (right panel) between the nature
run (NR) and the control run (black); between the nature run and the assimilation run of GEO-TIR2 (red) and between the nature run and the
assimilation run of GEO-TIR (green). Percentages are with respect to the nature run. The 1st row is for EXP1 (change in the meteorology),
the 2nd row is for EXP2 (change in the emissions), the 3rd row is for EXP3 (change in the initial condition) and the 4th row is for EXP4
(change in the meteorology, in the emissions and in the initial condition).
the percentage of false alarms (FA) (see Sect. 2.6) for the
control run, the GEO-TIR2 assimilation run and the GEO-
TIR assimilation run for the four experiments at the surface
over land for the European domain (Table 6). The observa-
tions are simulated throughtout the nature run. We select as
an indicator of skill the treshold at 100 µgm−3 for the daily
maximum of the 8-h running average, established by the
WHO (World Health Organization, 2005) for the protection
of public health. We do not compute the same scores for CO
since the treshold for the protection of public health for the
maximum of the 8-h running average is 10 000 µgm−3 which
is seldom observed outdoors. Furthermore, CO is interesting
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Fig. 14. Same as Fig. 13 but for CO.
for AQ because it is a proxy for pollutant sources and trans-
port processes and not because of its direct impact on human
health.
We have already shown that in general the added value of
GEO-TIR and GEO-TIR2 for O3 at the surface is low. How-
ever, for particular cases (high concentrations of O3 above
the threshold) the results presented in Table 6 indicate that
the assimilation of geostationary instruments can help better
detect high concentration events. In all cases, except EXP1
for GEO-TIR2, good detection and false alarm scores are
enhanced both for GEO-TIR and GEO-TIR2. Concerning
threshold-overshoot detections, results are more contrasted.
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Liste des acronymes
3D-FGAT three-dimensional - First Guess at Appropriate Time
3D-VAR three-dimensional variational
4D-VAR four-dimensional variational
ADOMOCA Assimilation de Donne´es pour les Mode`les de Chimie Atmosphe´rique
ALADIN Aire Limite´e et Adaptation Dynamique
AROME Applications de la Recherche a` l’Ope´rationnel a` Me´so-Echelle
ARPEGE Action de Recherche Petite Echelle Grande Echelle
ASSET ASSimilation of ENVISAT data
CFC Chloro Fluoro Carbures
COV Compose´ Organique Volatil
CTM Chemical Transport Model
ECMWF European Centre for Medium-Range Weather Forecasts
ExTL Extra-tropical Transition Layer
FTS Fourier Transform Spectrometer
GEMS Global and regional Earth-system (Atmosphere) Monitoring using Satellite
and in-situ data
GMES Global Monitoring for Environment and Security
IASI Infrared Atmospheric Sounding Interferometer
IPCC International Panel on Climate Change
KOPRA Karlsruhe Optimized and Precise Radiative transfer Algorithm
LEFE Les enveloppes fluides et l’environnement
LIDAR LIght Detection And Ranging
MACC Monitoring Atmospheric Composition and Climate
MIPAS Michelson Interferometer for Passive Atmospheric Sounding
MOBIDIC MOde`le BIDImensionnel de Chimie
MOCAGE MOde`le de Chimie Atmosphe´rique a` Grande Echelle
MOPITT Measurements Of Pollution In The Troposphere
MLS Microwave Limb Sounder
NOx Oxydes d’azote (NO + NO2)
OMA Observation Minus Analyses
OMF Observations Minus Forecast
OMI Oozone Monitoring Instrument
PALM Projet d’Assimilation par Logiciel Multi-Me´thodes
ppbv part per billion by volume
PV Potential Vorticity
PVU Potential Vorticity Units
RACM Regional Atmospheric Chemistry Mechanism
RACMOBUS re´union des sche´mas chimiques RACM et REPROBUS
REPROBUS Reactive Processes Ruling the Ozone Budget in the Stratosphere
RMSE Root Mean Square Error
TES Tropospheric Emission Spectrometer
UTLS Upper Troposphere and Lower Stratosphere
WHO World Health Organization
WMO World Meteorological Organization
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